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This body of work examines the effect of several tibial osteotomy procedures on the 
stifle extensor mechanism load in a canine ex vivo load-bearing limb press model.  
 
Objectives:  
The objective of our first study was to evaluate the effect of tibial tuberosity 
distalization and femoral shortening on stifle extensor mechanism load. We sought to 
determine the femoral shortening to tibial tuberosity distalization ratio that would 
enable the tibial tuberosity to be distalized without a significant difference in stifle 
extensor mechanism load.   
 
The case report documents successful application of the combined transverse 
femoral ostectomy and tibial tuberosity distalization technique for correction of medial 
patella luxation and patella alta in dogs.   
 
The objective of our second study was to measure the effect of tibial plateau leveling 
osteotomy on stifle extensor mechanism load.  
 
Materials and Methods: 
In the first study, the tibial tuberosity was distalized in increments equivalent to 5% of 
the patella length until it had been distalized to 100% of the patella length. After each 
tibial tuberosity distalization increment, the femur would be shortened an equivalent 
distance before returning to starting femoral length. The femoral shortening to tibial 
tuberosity distalization ratio was calculated.  
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In the second study, the proximal tibial segment was incrementally rotated until the 
anatomic tibial plateau angle had been rotated to at least 1°. The proportional 
change in stifle extensor mechanism load between the anatomic tibial plateau angle 
and the neutralized (approximately 6.5°) and over-rotated (approximately 1°) tibial 
plateau angle was analysed. 
 
Results:  
Tibial tuberosity distalization without femoral ostectomy incrementally increased 
mean stifle extensor mechanism load from baseline (P≤.05). The femoral shortening 
to tibial tuberosity distalization combinations that were not significantly different from 
baseline (P>.05) ranged between 0.5 – 1.0. 
 
There was no significant difference in stifle extensor mechanism load from the 
anatomic tibial plateau angle to the neutralized tibial plateau angle (P=.81) or from 
the anatomic tibial plateau angle to the over-rotated tibial plateau angle (P=.67).  
 
Conclusions: 
The femoral shortening to tibial tuberosity distalization ratio that enabled the tibial 
tuberosity to be distalized without a significant difference in stifle extensor 
mechanism load was found to range between 0.5 – 1.0. 
 
Tibial plateau leveling osteotomy did not significantly alter stifle extensor mechanism 
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The canine stifle extensor mechanism consists of the quadriceps femoris muscles, 
patella, and the patellar ligament (Kowaleski et al., 2017). Normal function relies on 
alignment of the stifle extensor mechanism alignment with the underlying osseous 
structures (Singleton, 1969). Malalignment of these components may result in patella 
luxation and stifle dysfunction (Carpenter and Cooper, 2000; Singleton, 1969). 
 
Patella alta is the proximal displacement of the patella within the femoral trochlea 
(Johnson et al., 2002). Previous studies have identified an association between 
patella alta and patella luxation in dogs (Johnson et al., 2006; Mostafa, 2008). It is 
proposed that the proximal excursion of the patella beyond the femoral trochlea 
allows the patella to luxate when the limb is extended throughout the swing and 
stance phases (Johnson et al., 2006; Mostafa et al., 2008).  
 
Distalization of the tibial tuberosity has been recommended to establish proximodistal 
alignment of the stifle extensor mechanism with the underlying femur in dogs affected 
with patella luxation and patella alta (Pugliese et al., 2015; Segal et al., 2012). In 
extreme cases, dogs that require patella alta correction have a patella that is 
proximally malaligned well beyond the femoral trochlea. We appreciated during a 
cadaveric rehearsal, that the extensive tibial tuberosity distalization required to 
establish proximodistal alignment in these cases caused stifle hyperextension, 
prevented stifle flexion, and subjectively increased stifle extensor mechanism load. 
We proposed that elongation of the stifle extensor mechanism through tibial 
tuberosity distalization would increase stifle extensor mechanism load, and that 
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shortening the stifle extensor mechanism through an equivalent length femoral 
ostectomy would reduce stifle extensor mechanism load.  
 
Another surgical technique that may affect stifle extensor mechanism load is the tibial 
plateau leveling osteotomy (TPLO). It had been previously suggested that TPLO 
increases stifle extensor mechanism load as a consequence of a shortened stifle 
lever arm length (Boudrieau, 2009). In the stifle, the lever arm is the perpendicular 
distance from the femorotibial contact point to the attachment of the patellar ligament 
on the tibial tuberosity (Boudrieau, 2009). The lever arm had been estimated to 
shorten by as much as 10% following TPLO because of the osteotomy position and 
loss of bone removed by the kerf of the saw blade (Boudrieau, 2009). A shortened 
lever arm would require more load within the stifle extensor mechanism to maintain 
stifle extension (Boudrieau, 2009). Despite these theoretical concerns the effect of 




The objective of the first study (tibial tuberosity distalization study) was to evaluate 
the effect of tibial tuberosity distalization and femoral shortening on stifle extensor 
mechanism load in an ex vivo limb press model. We sought to determine the femoral 
shortening to tibial tuberosity distalization ratio that would enable the tibial tuberosity 
to be distalized without a significant difference in stifle extensor mechanism load.  
 
The objective of the second study (TPLO study) was to examine the effect of TPLO 




The hypothesis for the tibial tuberosity distalization study was that a femoral 
ostectomy less than the tibial tuberosity distalization distance (i.e. femoral shortening 
to tibial tuberosity distalization ratio <1.0) would significantly increase stifle extensor 
mechanism load from baseline.  
 
The hypothesis for the TPLO study was that TPLO would significantly alter stifle 
extensor mechanism load at both a neutralized (approximately 6.5°) and over-rotated 
(approximately 1°) tibial plateau angle. 
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Chapter Two – Background And Literature Review 
 
Biomechanics of the Musculoskeletal System 
Moment (Torque) 
 
A moment is the bending effect of an applied force about a specific axis of rotation on 
an object (Özkaya 2012). The magnitude of the moment is equal to the product of the 
magnitude of the force (F) by the length of the perpendicular distance from the axis of 
rotation to the line of action of the force (d), known as the lever arm (Özkaya 2012).  
 
Moment = d x F  
 
In the canine stifle, the axis of rotation is the femorotibial contact point. The force is 
the quadriceps femoris muscles pull on the patellar ligament. The lever arm is the 
perpendicular distance from the femorotibial contact point to the attachment of the 
patellar ligament on the tibial tuberosity and the object is the tibial tuberosity 
(Boudrieau, 2009) (Figure 2-1). The moment generated through contraction of the 
quadriceps results in extension of the stifle (Carpenter and Cooper, 2000). A 
shortened quadriceps lever arm length would require more force within the stifle 








Figure 2-1. Schematic representation of the canine stifle demonstrating the 




A lever is an object that can be made to rotate about a fulcrum in order to exert a 
force on another object (Watkins, 2014). Levers are classified into three systems 
depending on the location of the effort force (E) and resistance force (R) in relation to 
the fulcrum. In a first-class lever system, the fulcrum is between the effort and 
resistance forces (e.g. seesaw). In a second-class lever system, the resistance force 
is between the fulcrum and the effort force (e.g. wheelbarrow). In a third-class lever 
system, the effort force is between the fulcrum and the resistance force (e.g. fishing 






The mechanical advantage of a lever system is a measure of its efficiency in terms of 
the amount of effort needed to overcome a particular resistance. Any lever with a 
mechanical advantage greater than 1.0 is regarded as efficient (Watkins, 2014). 
 
Mechanical advantage = !"#$%&'() !" !"#$#%&'(" (!)
!"#$%&'() !" !""#$% (!)
 
                                                                    = !"#$%& !" !"#"$ !"# !" !""#$! 
!"#$%& !" !"#"$ !"# !" !"#$#%&'(" 
 
 
The patella has been described as a first-class lever system with the fulcrum at the 
patellofemoral contact point and the force of the quadriceps on the patella and the 
force of the patellar ligament on the tibia on either side (Zatsiorsky and Prilutsky, 
2012) (Figure 2-2). In people, the patellofemoral contact point is located at the distal 
aspect of the patella during extension of the knee and at the proximal aspect of the 
patella during flexion of the knee (Huberti, 1984). The distal patellofemoral contact 
point during extension increases the mechanical advantage and efficiency of the 
quadriceps due to an increase in quadriceps lever arm length (Huberti, 1984). The 
altered patellofemoral contact point with patella alta would be expected to influence 




Figure 2-2. Schematic representation of the patella as a first-class lever system. The 
distal patellofemoral contact point during extension increases the quadriceps lever 
arm length and resultant force.  
 
The majority of the skeletal muscles of the body, including the stifle extensor 
mechanism, act as third-class lever systems (Watkins, 2014) (Figure 2-3). The force 
of quadriceps contraction is transmitted through the patellar ligament (effort force) to 
the tibia (resistance force), which extends the stifle (Carpenter & Cooper, 2000). 
Similar to other sesamoid bones, the patella increases the magnitude of the stifle 
extensor mechanism force by increasing the lever arm length (Watkins, 2014, Kose 
et al., 2012). All third-class lever systems have a mechanical advantage less than 1.0 
since the lever arm length of the effort force is always smaller than the lever arm 
length of the resistance force (Watkins, 2014). However, as the intent of a third-class 
lever in the body is to generate angular limb movement they are still considered 
efficient systems (Watkins, 2014).  
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2-3. Schematic representation of the stifle extensor mechanism as a third-class lever 
system. The stifle extensor mechanism force (F) is located between the femorotibial 
contact point (fulcrum) and the tibia (resistance force).  
 
Hooke’s Law of Elasticity 
 
Hooke’s law of elasticity describes the linear relationship between the force and 
deformation of an elastic material (Zatsiorsky and Prilutsky, 2012). Elastic materials 
such as springs, store potential energy when a load is applied. When the load is 
removed the stored energy is released as the material returns to the undeformed 
state (Özkaya, 2012). A spring will linearly elongate proportional to the applied 
load provided the load does not exceed the elastic limit of the spring (Hoffmann, 
2011). The constant of proportionality between the load and the deformation is the 
spring constant (k) (Özkaya, 2012). The relationship between the applied load (F) 
and the distance of elongation (d) is calculated as:  
 




The tensile properties of most biological tissues are viscoelastic (Schatzmann et al., 
1998). Viscoelasticity is characterized by four main phenomena: stress relaxation, 
creep, hysteresis, and sensitivity to the rate of load application (Zatsiorsky and 
Prilutsky, 2012). Stress relaxation is the reduction in load required to hold a 
viscoelastic material at a set length over time (Schatzmann et al., 1998) (Figure 2-
4A). Creep is the increase in length of a viscoelastic material over time under a 
constant load (Nigg and Herzog, 2006) (Figure 2-4B). Hysteresis is the difference 
between the loading and unloading curves in the stress-strain cycle known as the 
hysteresis loop. The hysteresis loop demonstrates that the load required to maintain 
a viscoelastic material at a set length is larger during the loading than the unloading 
phase. The area between the loading and unloading curves represents the energy 
loss in the deformation cycle (predominantly due to conversion of mechanical work to 
heat) (Zatsiorsky and Prilutsky, 2012) (Figure 2-4C). Finally, the faster a load is 
applied to a viscoelastic material the less time there is for the viscous components to 
dissipate that load. Consequently, a viscoelastic material will appear stronger and 
slightly stiffer under rapid versus slow load application (Nigg and Herzog, 2006). 
 
During cyclic loading some of the viscous components can be recovered in each 
cycle. This recovery is thought to involve some combination of water influx, returning 
collagen crimp, elastin tensile force, and decreasing collagenous organization (Nigg 




Figure 2-4A. Stress relaxation. Under constant 



















Figure 2-4C. Hysteresis. The load-deformation 
curves are different in loading and unloading. 












Canine Stifle Extensor Mechanism Anatomy 
 
The canine stifle extensor mechanism consists of the quadriceps femoris muscles, 
patella, and the patellar ligament (Kowaleski et al., 2017). Contraction of any 
component of the quadriceps muscle group forces the patella into the femoral 






Bone axes are defined as mechanical or anatomic and can be established for an 
entire limb or for a specific bone (Fox and Tomlinson, 2017). The mechanical axis of 
a bone is defined as the straight line extending from the centre of the proximal and 
distal joints (Dismukes et al., 2008). The anatomic axis of a bone is defined as the 
straight line that passes though the centre of the bone in either the frontal or sagittal 
plane (Fox and Tomlinson, 2017).  
 
The joint orientation line represents the orientation of a joint in a particular plane. The 
line is determined by selecting two repeatable bone-specific anatomic landmarks on 
each joint surface (Fox and Tomlinson, 2017). The intersection of the bone axis and 
the joint orientation line represents the joint orientation angle (Fox and Tomlinson, 




The proximal femur consists of a head, neck, and two trochanters (greater and 
lesser) (Evans and Lahunta, 2013). The anatomic relationship between the femoral 
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head and the diaphysis is characterized by the angles of inclination (IFA) and 
anteversion (AA) (Bardet et al., 1983).  
 
Inclination is defined as the angle between the femoral neck and the diaphysis in the 
frontal plane (Montavon et al., 1985) (Figure 2-5). Various methods of measurement 
to determine the angle of inclination have been reported (Hauptman et al., 1979; 
Montavon et al., 1985; Rumph and Hathcock, 1990). Techniques that bisect the 
femoral neck at its narrowest point have reported inclination angles ranging from 
127° – 132° (Hauptman et al., 1979; Mostafa et al., 2009; Tomlinson et al., 2007). 
The measured angle of inclination is always greater than the actual inclination 
because of the presence of anteversion (Montavon et al., 1985). 
 
The angle of version is the relative orientation of the femoral neck in relation to the 
femoral condyles. (Figure 2-5). A positive angle of version (anteversion) indicates 
that the femoral neck is directed cranially, while a negative version (retroversion) 
indicates the femoral neck is directed caudally (Dudley at al., 2006). The reported 
angle of version in the dog ranges from 16° – 31° (Bardet et al., 1983; Dudley et al., 
2006; Mostafa et al., 2009). The angle of version can be subdivided into proximal 
version (version of the femoral neck) and distal version (version distal to the lesser 
trochanter), which have been measured as 7.6° and 20.4°, respectively (Mostafa et 
al., 2014). 
 
The femoral diaphysis is cylindrical-shaped and slightly convex cranially 
(procurvatum) (Evans and Lahunta, 2013). The distal end of the femur consists of 
two caudally projected condyles that articulate with the tibia (Evans and Lahunta, 
2013). Cranially, there is a bony ridge at the axial margin of each femoral condyle. 
These ridges bound the centrally located femoral trochlea that articulates with the 
patella (Thrall and Robertson, 2010).   
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The femoral mechanical axis extends from the centre of the femoral head to the 
centre of the intercondylar fossa in the frontal plane (Tomlinson et al., 2007). The 
femoral anatomical axis extends from 2 connecting points centred on the femoral 
diaphysis at one-third and one-half distal to the dorsal aspect of femoral neck in the 
frontal plane (Tomlinson et al., 2007). The proximal femoral joint orientation line 
extends from the centre of the femoral head to the dorsal aspect of the greater 
trochanter (Fox and Tomlinson, 2017). The distal femoral joint orientation line 
extends from the distal aspect of the lateral and medial femoral condyles (Fox and 
Tomlinson, 2017) (Figure 2-5). The mechanical and anatomical lateral proximal 
femoral angles have been reported as 93° – 104° (Dismukes et al., 2008; Tomlinson 
et al., 2007) and 96°, respectively (Tomlinson et al., 2007). The mechanical and 
anatomical lateral distal femoral angle (aLDFA) have been reported as 99° – 100° 
(Dismukes et al., 2008; Tomlinson et al., 2007) and 94° – 99° degrees (Dudley et al., 
2006; Mostafa et al., 2009; Tomlinson et al., 2007), respectively.  
 
Figure 2-5. The angle between the femoral neck and the femoral diaphysis in the 
frontal plane represents the angle of inclination (IFA). The angle between the femoral 
diaphysis and the distal joint orientation line in the frontal plane represents the 
anatomic lateral distal femoral angle (aLDFA). The angle between the femoral head 
and neck and the femoral transcondylar axis (dotted line) in the axial plane 




The tibia is triangular in cross section proximally and cylindrical distally (Evans and 
Lahunta, 2013). The tibial tuberosity located on the cranial aspect of the proximal 
tibia provides insertion of the patellar ligament (Evans and Lahunta, 2013). The 
cranial border of the tibia (formerly referred to as the tibial crest) extends distally from 
the tibial tuberosity (Evans and Lahunta, 2013). 
 
In the frontal plane, the mechanical axis of the tibia extends from the centre of the 
intercondylar notch of the femur to the centre of the distal intermediate ridge of the 
tibia. The anatomical axis is not used because of the sigmoidal shape of the tibia in 
the frontal plane (Fox and Tomlinson, 2017). The proximal tibial joint orientation line 
extends from the medial and lateral tibial condylar concavities (Fox and Tomlinson, 
2017). The distal tibial joint orientation line extends from the medial and lateral 
arciform grooves of the cochlea tibiae (Fox and Tomlinson, 2017). The mechanical 
medial proximal and distal tibial angles have been reported as 93° and 96°, 
respectively (Dismukes et al., 2007).  
 
In the saggital plane, the mechanical axis extends from the intercondylar eminences 
to the centre of the talus (Dismukes et al., 2008). The proximal tibial joint orientation 
line extends from the cranial to the caudal aspect of the medial tibial condyle (Reif 
and Probst, 2003). The angle between a line perpendicular to the tibial mechanical 
axis and proximal tibial joint orientation line is the tibial plateau angle (Dismukes et 
al., 2008; Reif and Probst, 2003). Tibial plateau angles have been reported as 23.6° 
– 28° in large-breed (>18kg) dogs and 30° in small-breed (<15kg) dogs (Aertsens et 
al., 2015; Reif and Probst, 2003; Wilke et al., 2002). The distal tibial joint orientation 
line extends from the distal intermediate ridge of the tibia to the caudal-distal aspect 
of the cochlea tibiae. The mechanical proximal caudal tibial angle and mechanical 
	 23	
distal cranial tibial angle have been reported as 64° and 82°, respectively (Dismukes 
et al., 2008). 
 
Tibial torsion is the angle between the transverse axes of the proximal and distal 
tibial articular surfaces (Aper et al., 2005). Several measurement techniques using 
various anatomic methods have been described. The proximal transcondylar axis 
(line connecting the caudolateral extent of the extensor sulcus to the prominence at 
the medial collateral ligament insertion) and the distal cranial tibial axis (line parallel 
to the cranial tibial cortex immediately proximal to the talocrural joint) landmarks are 
most reliably identified (Apelt et al., 2005) (Figure 2-6). The normal proximal 
transcondylar to distal cranial tibial axis is reported to be 4.5° (Aper et al., 2005). 
 
 
Figure 2-6. The angle between the tibial transcondylar axis (TC) and the distal 




The patella is an oval sesamoid in the tendon of insertion of the quadriceps femoris 
muscle. On either side of the patella are the grooved parapatellar fibrocartilages that 
slide over the ridge of the femoral trochlea to enhance patella stability. The cartilages 
may converge proximally or a third cartilage may be located at this site (Evans and 
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Lahunta, 2013). The lateral (fascia lata) and medial femoral fascia and the lateral and 
medial femoropatellar ligaments further reinforce patella stability. The smaller medial 
femoropatellar ligament inserts onto the medial femoral epicondyle while the lateral 
femoropatellar ligament inserts on the fabella within the lateral head of the 
gastrocnemius muscle (Evans and Lahunta, 2013).  
 
The patella alters the direction of action of the quadriceps muscles, lengthen the 
quadriceps femoris lever arm, and alters the magnitude of both the quadriceps 




The patellar ligament is the portion of the patella tendon that extends from the patella 
to the tibial tuberosity (Evans and Lahunta, 2013). The patellar ligament is separated 
from the joint capsule by the infrapatellar fat pad that expands distally (Carpenter and 
Cooper, 2000). A small synovial bursa may be present between the distal patellar 
ligament and the tibial tuberosity (Evans and Lahunta, 2013).  
 
Structural Properties of Ligaments 
 
The stiffness of ligaments varies non-linearly with load (Figure 2-7). Under low load, 
ligaments deform with minimal resistance as the crimped collagen elongates. This is 
represented as the toe-region of the force-deformation curve. At higher load, the 
straightened collagen is more resistant to deformation thereby protecting the joint. 
This is represented as the linear region of the force-deformation curve (Nigg and 
Herzog, 2006).  
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Both the fibres and crimps within ligaments are heterogeneously distributed and 
recruited into load bearing at different displacements. As load and deformation 
increase certain fibres fail and reduce the overall ligament stiffness. The redistributed 
load increases the likelihood of failure of the remaining fibres and gross structural 
failure of the ligament (Nigg and Herzog, 2006). 
 
 
Figure 2-7. Ligament force-deformation curve. Fibres initially uncrimp (toe-in region), 
then are recruited (linear region), and then progressively fail with increasing load.  
 




The quadriceps femoris muscle consists of the vastus lateralis, vastus intermedius, 
and vastus medialis that originate from the proximal femur along with the rectus 
femoris that originates craniodorsal to the acetabulum at the caudal ventral iliac 
spine. Innervated by the femoralis nerve they represent the primary stifle extensor 
musculature. They converge distally to form the quadriceps tendon that primarily 
attaches to the proximal portion of the patella, with a smaller portion running cranially 
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over the patella to blend with the patellar ligament (Evans and Lahunta, 2013). The 
quadriceps femoris also attaches to the fascia lata, developing a function relationship 
with the aponeurosis of the biceps femoris and sartorius muscles (Evans and 
Lahunta, 2013).  
 
The musculus articularis genus is a short muscle that originates proximal to the 
patellofemoral joint capsule cranially before dividing into medial and lateral 
components distally to insert onto the patellofemoral joint capsule (Kincaid et al., 
1996). Innervated by a branch of the femoralis nerve the muscle is thought to extend 
the stifle and prevent joint capsule entrapment during patella excursion (Evans and 
Lahunta, 2013). Although another study proposed that the muscle primarily functions 
as a monitor of stifle joint movement (Kincaid et al., 1996).  
 
Structural Properties of Muscle 
 
Relaxed skeletal muscle stretched beyond its resting length (natural muscle length in 
situ) will deform with passive resistance. Muscle will exhibit increased resistance to 
increasing stretch resulting in a toe-in mechanical response to lengthening 
(Zatsiorsky and Prilutsky, 2012). This resistance to stretch is provided by the 
connective tissues within and around the muscle, stable cross-links between the 
actin and myosin filaments, and non-contractile proteins (mainly titin) (Zatsiorsky and 
Prilutsky, 2012). Similar to other connective tissues, muscle exhibits viscoelastic 






Stifle Extensor Mechanism Alignment 
 
Quadriceps Angle (Q-angle) 
 
The quadriceps angle (Q-angle) represents the deviation of the quadriceps direction 
of force. It is the resultant vector between the quadriceps femoris, the patella, and the 





The Z-angle represents the position of the tibial tuberosity relative to the approximate 
centre of the stifle joint. It is the resultant angle between the mechanical axis of the 
tibia and a line extending from the most cranial aspect of the tibial tuberosity to the 
tibial intercondylar eminences (Renwick et al., 2009). In small-breed dogs (<15 kg), 
the mean Z-angle has been reported as 70° (± 5.6°) and in large-breed dogs as 64° 
(± 4.7°) (Aertsens et al., 2015). 
 
Proximodistal Stifle Extensor Mechanism Alignment 
 
In clinically normal large-breed dogs, the proximal aspect of the patella extends 
slightly proximal to the proximal extent of the trochlea ridges at maximal stifle 
extension (148°). The proximal aspect of the patella moves distally approximately 
one-third the length of the femoral trochlea at maximal flexion (113°) during the walk 
and moves distally approximately one-half the length of the femoral trochlea at 
maximal flexion (96°) during the trot (Johnson et al., 2002). 
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Based on the Insall-Salvati technique, the proximodistal position of the patella can 
also be described radiographically as the patellar ligament length (L) to patella length 
(P) and the distance between the proximal pole of the patella and femoral condyle 
(A) to patella length (PL) (Johnson et al., 2002; Mostafa et al., 2008) (Figure 2-8). In 
clinically normal large-breed dogs, the mean L:P has been reported as 1.68 – 2.02 
and the mean A:PL as 1.98 (Johnson et al., 2002, Johnson et al., 2006; Mostafa et 
al., 2008). The mean (± standard deviation) L:P for three clinically normal small-dog 
breeds has been report as 1.82 (± 0.18) in Pomeranians, 1.85 (± 0.18) in Chihuahuas 
(n = 24), and 1.79 (± 0.11) in Poodles (Wangdee et al., 2015).   
	
 
Figure 2-8. The proximodistal position of the patella can be defined by the patellar 
ligament length to patella length ratio (L:P) and the distance between the proximal 
pole of the patella and femoral condyle to patella length ratio (A:PL). 




The cranial cruciate ligament is the main stabilizing structure of the canine stifle joint. 
It functions to limit both the cranial translation of the tibia with respect to the femur 
and the internal rotation of the tibia (Arnoczky and Marshall, 1977). The cranial 
cruciate ligament is attached to a fossa on the caudal aspect of the medial side of the 
lateral femoral condyle. The ligament courses cranially, medially, and distally across 
the intercondylar fossa and attaches to the cranial intercondylar area of the tibia 
(Arnoczky and Marshall, 1977).  
 
The caudal cruciate ligament is attached to a fossa on the ventral aspect of the 
lateral side of the medial femoral condyle (Arnoczky and Marshall, 1977). The 
ligament passed caudodistally and attaches to the medial edge of the popliteal notch 
of the tibia behind the caudal attachment of the medial meniscus (Evans and 
Lahunta, 2013) 
 
In general, the caudal cruciate ligament is slightly longer and broader than the cranial 
cruciate ligament. The caudal cruciate ligament lies medial to and crosses the cranial 
cruciate ligament. In flexion both ligaments twist on themselves and each other. The 
cranial and caudal cruciate ligaments are covered with synovium which provides the 
major blood supply to the ligaments (Arnoczky et al., 1979). Branches of these 
synovial vessels penetrate the ligament and anastomose within a network of 
longitudinal endoligamentous vessels. These vessels appear less abundant in the 
central core of the mid-portion of both the cranial and caudal cruciate ligaments 








Patella alta is the proximal displacement of the patella within the femoral trochlea 
(Johnson et al., 2002). Large-breed dogs with an L:P >1.97 or an A:PL >2.03 are 
considered to have patella alta (Johnson et al., 2006; Mostafa et al., 2008).  
 
It has been proposed that the proximal excursion of the patella beyond the femoral 
trochlea ridge allows the patella to luxate when the limb is extended throughout the 
swing and stance phases (Johnson et al., 2006; Mostafa et al., 2008). A comparison 
of the L:P and A:PL between clinically normal large-breed dogs and large-breed dogs 
with medial patella luxation found a significantly higher L:P and A:PL (more 
proximally positioned patella) for the medial patella luxation group compared with the 
control group (Johnson et al., 2006; Mostafa et al., 2008). Initially, thought to 
exclusively result in medial patella luxation, a more recent study found that 
approximately half of the dogs treated for the condition (55%) exhibited lameness 
associated with bi-directional luxation (Pugliese et al., 2015).  
 
However, the importance of patella alta as a contributing factor to patellar luxation in 
dogs has recently been questioned. In a large retrospective case series, neither the 
presence of pre-operative or post-operative patella alta (based on the A:PL) had any 
relation to the incidence of patellar reluxation post-operatively (Cashmore et al., 
2014) 
 
Direct in vitro studies in people have also demonstrated that patella alta increases 
patellofemoral contact force and contact pressure resulting in anterior knee pain 
(Luyckx et al., 2009). In people, changes in the patellofemoral contact mechanics 
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predispose knees with patella alta to chondromalacia, patellar pain, osteoarthritis, 
and painful luxation (Luyckx et al., 2009). The complete biomechanical alterations 
that occur with patella alta in the dog are not yet fully understood (Pugliese et al., 
2015).  
 
Degenerative Cranial Cruciate Ligament Disease 
 
Degenerative cranial cruciate ligament disease is a common orthopaedic disease of 
the canine stifle (Arnoczky, 1988; Wilke, 2005). Although the exact cause and 
pathogenesis of the condition remain unclear, factors that have been implicated 
include an abnormal gait and conformation, increased tibial plateau angle, obesity, 
lack of fitness, breed, and neuter status (Bennett et al., 2008; Bojrab, 2014; 
Lampman et al., 2003; Morris and Lipowitz, 2001; Slauterbeck et al., 2004; Wingfield 
et al., 2000). 
 
Biomechanical evaluations of intact cranial cruciate ligaments have demonstrated a 
decrease in material properties (modulus of elasticity, maximum stress, strain 
energy) with aging. These changes were found to be more pronounced and occur at 
an earlier age in dogs weighing more than 15 kg (Vasseur et al., 1985). These 
findings are consistent with the observation that cruciate disease tends to occur at a 
younger age in large-breed dogs (Bennett et al., 2008). Histologic evaluation of the 
degenerate ligament demonstrated reduced fibroblasts, with surviving fibroblasts 
undergoing metaplastic transformation to chondrocytes. The structural organization 
of collagen fibers and primary collagen bundles was also lost (Vasseur et al., 1985).  
 
The ligamentous injury may be a complete rupture with gross instability or a partial 
rupture with minor instability. In either case, degenerative joint disease develops 
within weeks and severe changes within months (Piermattei et al., 2006)  
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Specific Surgical Techniques 
 
Tibial Tuberosity Distalization 
 
Distalization of the tibial tuberosity has been recommended to establish proximodistal 
alignment of the stifle extensor mechanism with the underlying femur in dogs affected 
by patella alta (Piermattei et al., 2006).  
 
Tibial tuberosity distalization to surgically correct dogs with patella luxation and 
patella alta has been reported in a variety of breeds including Labrador Retrievers, 
Golden Retrievers, Boxers, Chesapeake Bay Retriever, Great Pyrenees, Yorkshire 
Terriers, King Charles Cavaliers, Pomeranian, Pinscher, Pekingese, Akita Inu, 
Siberian Husky, Boxer, and mixed breed dogs. The reported body weights have 
ranged between 3.0 kg - 54.5 kg and the reported ages have ranged between 10 
months – 10 years (Pugliese et al., 2015; Segal et al., 2012).  
 
In 2012, Segal et al. described the original case series of tibial tuberosity distalization 
for the management of patella alta. The procedure was performed on 14 dogs (17 
limbs) with medial patella luxation and patella alta. The mean distalization distance 
was 6.7 mm (range 4 – 13 mm; mean body weight 17.7 kg). Of the 13 dogs that 
return for physical examination at 24-week or more, 2 dogs had a reduced stifle 
range of movement. No details regarding follow-up postoperative radiographs except 
for a single dog were provided (Segal et al., 2012).  
 
In 2015, Pugliese et al. reported another case series describing tibial tuberosity 
distalization for the management of dogs with patella luxation and patella alta. The 
procedure was performed on 9 dogs (11 stifles) with a mean distalization distance of 
14 mm (range 9 – 20 mm; mean body weight 33.5 kg). No complications were 
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reported and the lameness resolved clinically in all cases. However, patellar ligament 
thickening was noted on radiographs taken at 8-weeks postoperative in all dogs 
(Pugliese et al., 2015).  
 
Other Surgical Techniques to Manage Patella Alta 
 
Other surgical techniques described for dogs with patella alta also intend to improve 
proximodistal stifle extensor mechanism alignment through patella distalization 
(closing tibial wedge osteotomy) or through proximalization of the femoral trochlea 
(extended proximal trochleoplasty, femoral trochlea prosthesis) (Dokic et al., 2008; 




Corrective distal femoral osteotomies have been advocated as a component of 
surgical correction of medial patellar luxation when complicated by femoral 
deformities (Brower et al., 2016; Swiderski and Palmer, 2007). The femoral 
osteotomies typically heal rapidly and reliably without clinically important adverse 
effects as the femur is well-vascularized through the firm attachment of the adductor 
muscle along the caudal femoral margin (Brower et al., 2016; Franczuszki et al., 
1987; Swiderski and Palmer, 2007). Previous studies have reported mean times to 
radiographic bone union of 53 – 73 days following femoral osteotomies for the 
management of patella luxation with distal femoral varus (Brower et al., 2016; 
Swiderski and Palmer, 2007). The consequence of the resultant femoral shortening is 
thought to be minimal as a previous study demonstrated that reduction of femoral 
length by up to 20% had no impact on pelvic limb function (Franczuszki et al., 1987).  
 
	 34	
Reported post-operative complications associated with femoral osteotomies include 
infection, implant failure or migration, and persistent lameness (Brower et al., 2016; 
Swiderski and Palmer, 2007). The reported infection rate of 3.9% is similar to that 
described for other major orthopaedic surgical procedures (Brower et al., 2016; 
Weese, 2008). Implant failure was observed in a large dog with an osteotomy 
stabilized with a single bone plate and screws (Brower et al., 2016). Accordingly, it 
has been recommended that additional implants (such as a craniomedial bone plate 
in addition to the lateral plate) may be indicated for active giant-breed dogs (Brower 
et al., 2016). The single reported case of persistent lameness was thought to result 
from parapatellar fibrocartilage interference due to erroneous cranial positioning of 
the distal end of the bone plate (Brower et al., 2016). 
 
Tibial Plateau Leveling Osteotomy (TPLO) 
 
In 1993, Barclay Slocum introduced the “Active Model of the Stifle” (Slocum and 
Slocum, 1993). In his model, Slocum explained that the direction of force during 
weight bearing was parallel to the mechanical tibial axis in the sagittal plane. Due to 
the caudal slope of the tibial plateau a cranially directed force known as cranial tibial 
thrust was generated. In the healthy stifle, cranial tibial thrust was actively 
counteracted by the stifle flexor muscles and passively counteracted by the caudal 
horn of the medial meniscus and the cranial cruciate ligament (Slocum and Slocum, 
1993).  
TPLO stabilizes the cruciate-deficient stifle joint during weight bearing by neutralizing 
cranial tibial thrust. This is accomplished by reduction of the tibial plateau angle 
following a radial osteotomy (Boudrieau, 2009). The tibial plateau angle is reduced to 
approximately 5° – 6.5° (rather than 0°) as the stifle flexor muscles are though to 
neutralize any remaining cranial tibial thrust (Slocum and Slocum, 1993). Reduction 
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of the tibial plateau angle less than 6.5° has been demonstrated to increase strain 
within the caudal cruciate ligament (Warzee et al., 2001). 
 
The efficacy of TPLO has been examined in numerous studies. An ex vivo canine 
cadaveric study demonstrated that reduction of the tibial plateau angle resulted in 
decreased cranial cruciate ligament strain (Haynes et al., 2015). Second-look 
arthroscopy after TPLO in 17 dogs with stable partial tears of the cranial cruciate 
ligament at a mean of 25 months (range 3	–	48 months) found the appearance of the 
cranial cruciate ligament to be similar to the initial surgery except that the torn fibres 
of the cranial cruciate ligament had resorbed (Hulse et al, 2010). While force plate 
gait analysis of 15 dogs treated with TPLO for cruciate disease found the operated 
limb function was similar to the control population by 6	 –	 12 months after surgery 
(Krotscheck et al., 2016).  
 
Meta-analysis of postoperative complications have identified a variety of soft tissue 
complications (including haemorrhage, swelling, patellar ligament thickening, 
infection, and postoperative meniscal injury), bone complications (including tibial 
fracture, tibial tuberosity fracture, patella fracture), implant complications (including 
implant placement within the joint and implant failure), and persistent stifle instability 
(Bergh and Peirone, 2012). More recent reported complication rates ranging between 
9.7% – 14.8% were found to be nearly half that of earlier reports (20.6% – 28%) 
(Fitzpatrick and Solano, 2010; Gatineau et al., 2011; Pacchiana et al., 2003; Priddy 







Statistics are used to describe and analyse data (Kestin, 2009). Descriptive statistics 
may be used to summarize characteristics about a data set (Rumsey, 2010). 
Whereas, inferential statistics can be used to infer properties about a wider 




Descriptive statistics are used to describe large data sets. The two fundamental 
properties that characterize numerical data are the central location (mean, median, or 
mode) and variability (how closely the observations are clustered about the central 
location) (Kestin, 2009). The variability can be described by the range, percentiles, or 
standard deviation (Kestin, 2009). 
 
A frequency distribution graph demonstrates the probability of obtaining any 
particular observation. Normal distribution is a specific frequency distribution pattern 
that is common in biological data. When data is normally distributed, the central 
location can be described as the mean and the variability described by standard 
deviation. Multiples of the standard deviation about the mean always contains the 
same proportion of the observations (Kestin, 2009). 
 
Standard deviations can be used to construct a reference limit that defines the range 
of values the majority of the population would fall within. Typically reference ranges 
are calculated to include 95% of the observations. In this instance the reference 
range can be determined by calculating the mean +/- 1.96 standard deviations 




Figure 2-9. Normal distribution curve demonstrating the central mean and 95% 




Inferential statistics are used to infer the properties of the studied subjects with the 
larger parent population not studied. These inferences are made with a certain level 
uncertainty because it is unknown how representative was the studied sample. This 
uncertainty is measured by probabilities. These probabilities measure the degree of 
confidence of the inferences on the parent population (Kestin, 2009). 
 
The central limit theorem states that if several samples are taken from a population, 
the means of these samples are distributed normally around the true population 
mean. The standard deviation of the sample mean is called the standard error of the 
mean (SEM). Standard error can be calculated by using the following formula: 
 




Using the properties of normal distribution, an estimate of the true population mean 
can be obtained from the sample mean (Kestin, 2009). This estimate is called the 
confidence interval of the mean. The confidence level determines the number of 
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standard errors you add and subtract to get the desired percentage of confidence 
(Rumsey, 2010). For a 95% confident level, the confidence interval of the mean can 
be calculated using the following formula: 
 
Sample mean (𝑥 ) ± (1.96 x SEM) 
 
As the sample number 𝑛  increases, the SEM decreases, and the 95% confidence 
intervals for the true population mean becomes narrower. 
 
 




Limb press models have been reported in the veterinary literature to assess the 
effects of various orthopaedic procedures on both the canine and feline pelvic limb 
(Apelt et al., 2005; Caquías, 2013; Hoffmann et al., 2011; Kneifel et al., 2017; 
Warzee et al., 2001). A limb press connects a base plate and a top plate to each 
other through four columns that are secured to each corner of the base plate. These 
columns pass through the top plate, allowing the top plate to slide up and down in a 
parallel manner (Kneifel, 2017)  
 
The pelvic limbs are mounted into a holding tube secured to the top plate with a 
combination of poly(methyl) methacrylate, screws, and pins (Apelt et al., 2005; 
Caquías, 2013; Hoffmann et al., 2011; Kneifel et al., 2017; Warzee et al., 2001). An 
adjustable turnbuckle is secured from the patella to a load cell connected to the top 
plate to measure stifle extensor mechanism load. Some models secure a spring 
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between the quadriceps turnbuckle and load cells to replicate compliance within the 
quadriceps femoris muscle (Apelt et al., 2007; Hoffmann et al., 2011; Warzee et al., 
2001), while other models omit a spring and directly measure stifle extensor 
mechanism load (Caquías, 2013; Kneifel et al., 2017). A second turnbuckle is 
secured between the distal femur and proximal calcaneus to replicate the 
gastrocnemius muscle. The angle between the holding tube and the top plate 
represents the coxofemoral joint angle and is fixed, whereas the turnbuckle length 
can be altered to adjust the stifle and tarsal joints to the desired angle (Apelt et al., 
2007; Hoffmann et al., 2011; Kneifel et al., 2017; Warzee et al., 2001). Typically, the 
limbs are mounted to replicate the mid-point of the stance phase at the walk (femoral 
longitudinal axis at 70° with the horizontal, stifle flexion angle of 135°, and hock 
flexion angle of 145°) (Hottinger et al., 1996). The paw is positioned in line with the 
coxofemoral joint and maintained in position through the friction between the paw 
pads and base surface (Apelt et al., 2007; Hoffmann et al., 2011; Kneifel et al., 2017; 
Warzee et al., 2001). 
 
An in vivo kinetic gait analysis of large-breed dogs (>25kg) at a walk demonstrated 
that 26.89% (+/- 1.83%) of the body weight was transmitted through the pelvic limb 
(Kim el al., 2011). Accordingly, 30% of the body weight is typically applied to the 
pelvic limb mounted in the limb press during testing (Apelt et al., 2007; Hoffmann et 




A load cell is used as an indirect method of load measurement where load is 
converted to an electrical signal. A load cell is primarily composed of a spring 
element and a strain gauge (Raghavendra and Krishnamurthy, 2013) (Figure 2-10).  
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Figure 2-10. Strain gauges are secured to a spring element within a load cell (A). A 
force applied to the spring element deforms the strain gauges and increases 
resistance (B). 
 
The primary sensing element within a load cell is the strain gauge, which is a thin foil 
resistor. The strain gauge is bonded on a spring element such as metal. The spring 
element is connected to the object applying the force. When an external load is 
applied, the spring element deforms. The strain gauge resistance changes according 
to the deformation of the spring element. The electrical resistance of the strain gauge 
is a function of its length and cross sectional area. As the length of the strain gauge 
increases the cross sectional area of the strain gauge decreases, which increases 
strain gauge resistance. This is in accordance with Ohm’s law for resistivity:  
 
R = ρ l/A. 
 
Where p is the strain gauge resistivity (Ω.m), l is the strain gauge length (m), and A is 
the cross sectional area (m2) (Muller et al., 2010).  
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The force applied to the spring element must be within the elastic range of the 
material where it responds linearly. If it is over-loaded beyond the elastic limit, it can 




Ex vivo biomechanical experiments frequently require postmortem freezing of 
samples for storage purposes prior to testing (Apelt et al., 2005; Caquías, 2013; 
Hoffmann et al., 2011; Kneifel et al., 2017; Warzee et al., 2001). The effect of 
prolonged postmortem freezing storage (up to 3 months at -20° C) on the structural 
properties (cyclic stress relaxation, area of hysteresis, and the load-deformation 
characteristics) of the medial collateral ligament-bone complex and the mechanical 
properties (stress-strain curve, tensile strength, and ultimate strain) of the medial 
collateral ligament substance from the rabbit knee have been examined (Woo et al., 
1986). 
 
No significant structural changes were noted between the fresh and stored samples 
regarding the cyclic stress relaxation and the load-deformation characteristics. 
However, the area of hysteresis of the stored samples was significantly reduced in 
the first few cycles (Woo et al., 1986).  
 
No significant mechanical changes were noted between the fresh and stored 
samples regarding the stress-strain curves, tensile strength, and ultimate strain (Woo 
et al., 1986). The authors concluded that proper and careful storage by freezing had 
little or no effect on the biomechanical properties of the ligaments (Woo et al., 1986).   
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Chapter Three – Effect of Tibial Tuberosity Distalization and Femoral 




The objective of our study was to evaluate the effect of tibial tuberosity distalization 
and femoral shortening on stifle extensor mechanism load in an ex vivo canine 
cadaveric model. We sought to determine the femoral shortening to tibial tuberosity 
distalization ratio that would enable the tibial tuberosity to be distalized without a 
significant difference in stifle extensor mechanism load.  
 
Pelvic limbs (n = 10) were mounted into a load-bearing limb press. A turnbuckle with 
attached load cell was connected to the patella to simulate the quadriceps femoris 
muscle and measure stifle extensor mechanism load (N). The tibial tuberosity was 
distalized in increments equivalent to 5% of the patella length until it had been 
distalized to 100% of the patella length. After each tibial tuberosity distalization 
increment the femur would be shortened an equivalent distance before returning to 
starting femoral length. The femoral shortening to tibial tuberosity distalization ratio 
was calculated.  
 
In our model, a femoral shortening to tibial tuberosity distalization ratio <0.5 resulted 
in a significant increase in stifle extensor mechanism load (P≤.05). The femoral 
shortening to tibial tuberosity distalization ratio that enabled the tibial tuberosity to be 
distalized without a significant difference in stifle extensor mechanism load was found 







The canine stifle extensor mechanism consists of the quadriceps femoris muscles, 
patella, and the patellar ligament (Kowaleski et al., 2017). Normal function relies on 
correct stifle extensor mechanism alignment with the underlying osseous structures 
(Singleton, 1969). Malalignment of these components often leads to patella luxation 
and stifle dysfunction (Carpenter and Cooper, 2000; Singleton, 1969). 
 
Patella alta is the proximal displacement of the patella within the femoral trochlea 
(Johnson et al., 2002). Previous studies have identified an association between 
patella alta and patella luxation in dogs (Johnson et al., 2006; Mostafa et al., 2008). It 
is proposed that the proximal excursion of the patella beyond the femoral trochlea 
allows the patella to luxate when the limb is extended throughout the swing and 
stance phases (Johnson et al., 2006; Mostafa et al., 2008). Direct in vitro studies in 
people have demonstrated that patella alta also increases patellofemoral contact 
force resulting in anterior knee pain (Luyckx et al., 2009). 
 
Distalization of the tibial tuberosity has been recommended to establish proximodistal 
alignment of the stifle extensor mechanism with the underlying femur in dogs affected 
with patella luxation and patella alta (Pugliese et al., 2015; Segal et al., 2012). 
Although reduced stifle range of movement and patellar ligament thickening have 
been reported post-operatively, the generally favourable outcomes would suggest 
that the stifle extensor mechanism can tolerate a certain extent of elongation induced 
through tibial tuberosity distalization (Pugliese et al., 2015; Segal et al., 2012). 
However, clinically we have observed tibial tuberosity avulsion and tibial implant 
failure in some cases when tibial tuberosity distalization alone has been performed.  
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In extreme cases, dogs that require patella alta correction have a patella that is 
proximally malaligned well beyond the femoral trochlea (Figure 3-1). We appreciated 
during a cadaveric rehearsal, that the extensive tibial tuberosity distalization required 
to establish proximodistal alignment in these cases caused stifle hyperextension, 
prevented stifle flexion, and subjectively increased stifle extensor mechanism load. 
We proposed that elongation of the stifle extensor mechanism through tibial 
tuberosity distalization would increase stifle extensor mechanism load, and that 
shortening the stifle extensor mechanism through an equivalent length femoral 
ostectomy would reduce stifle extensor mechanism load. We hypothesized that a 
femoral ostectomy less than the tibial tuberosity distalization distance (i.e. femoral 
shortening to tibial tuberosity distalization ratio <1.0) would significantly increase 
stifle extensor mechanism load from baseline.  
 
The objective of our study was to evaluate the effect of tibial tuberosity distalization 
and femoral shortening on stifle extensor mechanism load in an ex vivo canine 
cadaveric model. Using the patella length as a reference, we sought to determine the 
femoral shortening to tibial tuberosity distalization ratio that would enable the tibial 
tuberosity to be distalized without a significant difference in stifle extensor 
mechanism load.  
Figure 3-1. Example of a dog with 
patella luxation and patella alta where 
the patella was proximally malaligned 
well beyond the femoral trochlea. Left 
image – medio-lateral view. Right 










Five skeletally mature greyhounds euthanised for reasons unrelated to this study with 
no clinical or radiographic evidence of stifle pathology were used in this study with 
institutional ethics approval (R265214). Both pelvic limbs (n = 10) were dissected 
free of all soft tissues from the level of the proximal femur to the proximal metatarsus, 
with preservation of the stifle and tarsal joint capsules and ligaments. The specimens 
were wrapped in saline-soaked towels (0.9% sodium chloride) and frozen at -18 °C 




Limbs were thawed to room temperature prior to testing. Soft tissues were kept moist 
throughout the experiment with isotonic saline. The limbs were mounted into a load-
bearing limb press similar to previous studies (Figure 3-2) (Apelt et al., 2007; 
Caquías, 2013; Hoffmann et al., 2011; Kneifel et al., 2017; Warzee et al., 2001). A 
turnbuckle with attached load cell (Miniature Tension Load Cell, Dacell) was 
connected to the patella with a 3 mm zinc-plated bolt to simulate the quadriceps 
femoris muscle group and measure stifle extensor mechanism load (N) (Caquías, 
2013; Kneifel et al., 2017). A second turnbuckle was secured between the distal 
femur and proximal calcaneus to replicate the gastrocnemius muscle (Apelt et al., 
2007; Hoffmann et al., 2011; Kneifel et al., 2017; Warzee et al., 2001). The 
turnbuckles were adjusted to achieve a stifle angle of 135° and a tarsal angle of 145° 
corresponding to the mid-point of the stance phase at a walk (Hottinger et al., 1996). 
To maintain joint angles during testing no spring was secured between the 
quadriceps femoris muscle turnbuckle and load cell (Caquías, 2013; Kneifel et al., 
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2017). A third turnbuckle was connected from the calcaneus to the base of the limb 
press to limit tarsal extension during testing. 
 
Figure 3-2. Load-bearing limb press. A 
turnbuckle with attached load cell 
(arrow) was connected to the patella to 
simulate the quadriceps femoris muscle 
group and measure stifle extensor 







Custom aluminum tibial and femoral bone grips (Figure 3-3) capable of incremental 
tibial tuberosity distalization and femoral shortening were secured to the proximal 
tibia and femoral diaphysis respectively with 3.5 mm smooth Steinmann pins. An 
axial load equal to 30% of the body weight was applied to the limb (Apelt et al., 2007; 




Figure 3-3. Bone grips capable of incremental tibial tuberosity distalization and 
femoral shortening. Left image - tibial grip with tibial tuberosity distalized. Right image 
- femoral grip following femoral ostectomy. 
 
A tibial tuberosity osteotomy was made using a sagittal saw extending from Gerdy’s 
tubercle to the distal tibial crest. A femoral ostectomy (at least equal to the length of 




The patella length was measured as the longest proximodistal distance on a lateral 
radiograph (Johnson et al., 2002). Each tibial tuberosity distalization increment was 
equivalent to 5% of the patella length. At each 5% tibial tuberosity distalization 
increment the femur would be shortened an equivalent distance before returning to 
the starting femoral length. Digital callipers measured the tibial tuberosity distalization 
and femoral shortening distance after each increment.  
 
Pilot testing found that tibial tuberosity distalization alone greater than 20% of the 
patella length would generate loads that consistently resulted in patella fracture at the 
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level of the patella-bolt fixation. Continued tibial tuberosity distalization was only 
possible by avoiding a disparity greater than 20% between the tibial tuberosity 
distalization and femoral shortening distance. Consequently, tibial tuberosity 
distalization was performed within cycles that had different starting femoral lengths 
(femur0%, femur20%, femur40%, femur60%, and femur80%).  
 
Baseline data was collected immediately after the tibial tuberosity osteotomy and 
femoral ostectomy had been performed. Data was then collected at each 5% tibial 
tuberosity distalization and femoral shortening increment until the tibial tuberosity had 
been distalized to 100% of the patella length. 
 
Post hoc investigation 
 
A single specimen not previously tested was used to investigate the influence of 
apparatus deformation on stifle extensor mechanism load. The tibial tuberosity 
distalization components were mounted in a materials testing machine (Instron 5848, 
Instron Corporation IST) post hoc. Visual markers were placed on the quadriceps 
turnbuckle, patella, tibial tuberosity, tibial grip, and tibial vice to measure 
displacement (mm) (Figure 3-4). Testing was recorded at 7 frames per second using 
a VIC-3D digital image correlation system (VIC-3D, Correlated Solutions). The 
construct was preloaded to baseline and displaced to 5%, 10%, 15%, and 20% tibial 
tuberosity distalization using triangle waveforms at 0.0625 mm/second. This was 
repeated 5 times to approximate ex vivo conditions. The results were summarised 






Figure 3-4. The tibial tuberosity distalization components 
mounted in a materials testing machine. Visual markers were 
placed on the quadriceps turnbuckle (A), patella (B), tibial 
tuberosity (C), tibial grip (D), and tibial vice (E) to measure 










The response of interest was the stifle extensor mechanism load (N), which was 
considered continuous and found to be normally distributed based on the failure to 
reject the null hypothesis of normality using the Shapiro-Wilk test. Descriptive 
statistics (mean ± standard deviation [SD]) were used to describe specimen weight 
(kg), patella length (mm), and tibial tuberosity distalization increment length (mm). 
Stifle extensor mechanism load was summarized as mean and 95% confidence 
intervals (CI). The load was analysed for a fixed effect of tibial tuberosity distalization 
and femoral shortening and their interaction using a linear mixed effect model that 
included the random variance of dog. Where there were significant interactions, pre-
planned comparisons were made to baseline (tibia0%, femur0%) using Dunnett’s 
adjusted comparisons at P≤.05. The femoral shortening to tibial tuberosity 
distalization ratio was calculated for each combination (i.e. femoral shortening ÷ tibial 
tuberosity distalization). All statistical analyses were performed using statistical 





The mean (SD) weight of the cadavers was 30.7 kg (± 1.64 kg) with a mean patella 
length of 25.7 mm (± 0.48 mm). The mean 5% tibial tuberosity distalization increment 
length was 1.29 mm (± 0.02 mm).  
 
A total of 71 different femoral shortening to tibial tuberosity distalization combinations 
were measured for each tested limb. The femoral shortening to tibial tuberosity 
distalization ratio ranged between 0 – 1.0 (Table 3-1). 
 
Tibial tuberosity distalization without femoral ostectomy incrementally increased 
mean stifle extensor mechanism load from baseline (P≤.05). (Table 3-1, Figure 3-5). 
For 13/71 tested femoral shortening to tibial tuberosity distalization combinations, 
mean stifle extensor mechanism load was significantly increased from baseline 
(P≤.05). For these combinations the femoral shortening to tibial tuberosity 
distalization ratio ranged between 0 – 0.8. For 32/71 tested femoral shortening to 
tibial tuberosity distalization combinations, mean stifle extensor mechanism load was 
significantly decreased from baseline (P≤.05). For these combinations the femoral 
shortening to tibial tuberosity distalization ratio ranged between 0.85 – 1.0. For 26/71 
tested femoral shortening to tibial tuberosity distalization combinations, mean stifle 
extensor mechanism load was not significantly different from baseline (P>.05). For 
these combinations the femoral shortening to tibial tuberosity distalization ratio 
ranged between 0.5 – 1.0 (Table 3-1, Figure 3-5). 
 
Post hoc investigation of apparatus displacement in a single specimen (weight 30.3 
kg; patella length 26 mm) found the majority of deformation occurred in the patella-
bolt fixation and patellar ligament. The patella-bolt plastically deformed during ramp 
loading to baseline (395 N) with minimal deformation thereafter. The patellar ligament 
	 65	
deformation increased with each 5% tibial tuberosity distalization increment within 
each tibial tuberosity distalization cycle. Patellar ligament deformation also increased 
with each subsequent tibia tuberosity distalization cycle. This trend corresponded 
with a progressive decrease in peak stifle extensor mechanism load despite the total 
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Table 3-1. Mean (95% CI) stifle extensor mechanism load (left columns) and femoral 
shortening to tibial tuberosity distalization ratios (right columns). Stifle extensor 
mechanism loads with the superscript* are either significantly increased or decreased 




Figure 3-5. Femoral shortening versus tibial tuberosity distalization. Combinations of 
femoral shortening and tibial tuberosity distalization that did not significantly alter 
mean baseline stifle extensor mechanism load (N) are shaded in orange (P>.05). 
Combinations of femoral shortening and tibial tuberosity distalization that significantly 
increased mean baseline stifle extensor mechanism load (N) are shaded in red 
(P≤.05), while combinations of femoral shortening and tibial tuberosity distalization 
that significantly decreased mean baseline stifle extensor mechanism load (N) are 
































Tibial Tuberosity Distalization Cycle Number 
 1 2 3 4 5 
20 4.5 mm 677 N 5.1 mm 616 N 5.4 mm 565 N 5.7 mm 518 N 6.0 mm 476 N 
15 3.2 mm 621 N 4.1 mm 387 N 4.3 mm 331 N 4.7 mm 286 N 4.9 mm 248 N 
10 1.9 mm 572 N 3.0 mm 175 N 3.3 mm 131 N 3.5 mm 96 N 3.6 mm 73 N 
5 0.6 mm 492 N 1.6 mm 34 N 1.8 mm 20 N 2.1 mm 12 N 2.4 mm 7 N 
0 0 mm 393 N 0 mm 35 N 0 mm 20 N 0 mm 13 N 0 mm 8 N 
 
Table 3-2.	Post hoc investigation of patellar ligament length (mm) and stifle extensor 





Figure 3-6. Apparatus displacement versus tibial tuberosity distalization. X-axis 
represents cyclical incremental tibial tuberosity distalization. Y-axis represents 
apparatus displacement (mm). Patella-bolt fixation displacement is shaded green, 
patellar ligament displacement is shaded purple, and the remaining apparatus 








The results of our study do not support our hypothesis that all femoral shortening to 
tibial tuberosity distalization ratios <1.0 would significantly increase stifle extensor 
mechanism load from baseline. Instead, a femoral shortening to tibial tuberosity 
distalization ratio <0.5 resulted in a significant increase in stifle extensor mechanism 
load. The femoral shortening to tibial tuberosity distalization ratio that enabled the 
tibial tuberosity to be distalized without a significant difference in stifle extensor 
mechanism load was found to range between 0.5 – 1.0. 
 
A recent case series describing tibial tuberosity distalization alone for the 
management of patella alta reported a mean distalization distance of 14 mm (range 9 
– 20 mm; mean body weight 33.5 kg). All dogs returned to full weight bearing and no 
recurrence of patella luxation was noted. Interestingly, patellar ligament thickening 
was noted on radiographs taken at 8 weeks postoperative in all dogs (Pugliese et al., 
2015). Another case series describing tibial tuberosity distalization alone described a 
mean distalization distance of 6.7 mm (range 4 – 13 mm; mean body weight 17.7 kg). 
The majority of dogs that returned for follow-up examinations were clinically sound 
(10/13), although 2/13 dogs had reduced stifle range of movement (Segal et al., 
2012). The favorable results reported in these studies suggest that tibial tuberosity 
distalization alone may be appropriate for the vast majority of dogs affected with 
patella luxation and patella alta. Whether the observed reduced stifle range of 
movement and patellar ligament thickening is indicative of an inability of soft tissue 
compliance and adaptation to mitigate the increased stifle extensor mechanism load 
after tibial tuberosity distalization alone is unclear. Clinically, we have reserved the 
combined tibial tuberosity distalization and femoral shortening technique for large-
breed dogs that required the tibial tuberosity to be distalized a distance greater than 
50% of the patella length. Our concern with tibial tuberosity distalization alone in 
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these extreme cases is that physiologic joint range of movement and stifle extensor 
mechanism load may be adversely affected.  
 
The femoral ostectomies would be expected to heal rapidly and reliably without 
clinically important adverse effects (Brower et al., 2016; Franczuszki et al., 1987; 
Swiderski and Palmer, 2007). Previous studies have reported mean times to 
radiographic bone union of 53 – 73 days following femoral ostectomies for the 
management of patella luxation with distal femoral varus (Brower et al., 2016; 
Swiderski and Palmer, 2007). Additionally, reducing the length of the femur by up to 
20% has been found to have no impact on pelvic limb function (Franczuszki et al., 
1987). In our study, we estimate that shortening the femur by an extreme 100% of 
the patella length would only reduce the length of the femur by approximately 10%.  
 
We hypothesized that a femoral shortening to tibia tuberosity distalization ratio <1.0 
would significantly increase stifle extensor mechanism load from baseline. However, 
many femoral shortening to tibial tuberosity distalization combinations with a ratio 
<1.0 had stifle extensor mechanism load not significantly different from baseline or 
significantly decreased from baseline, particularly as tibial tuberosity distalization 
proceeded. To investigate the progressive decrease in stifle extensor mechanism 
load observed during testing the tibial tuberosity distalization components of an 
untested specimen were mounted in a materials testing machine post hoc. The 
minimal patella-bolt deformation observed after ramp loading to baseline (395 N) was 
thought unlikely to contribute to the progressive reduction in stifle extensor 
mechanism load. Whereas, patellar ligament deformation was found to increase with 
each subsequent tibial tuberosity distalization cycle. This trend corresponded with a 
progressive decrease in peak stifle extensor mechanism load despite the total 
displacement remaining constant. These findings are consistent with patellar 
ligament cyclic stress relaxation, whereby the load required to hold a viscoelastic 
	 71	
material at a set length decreases over time and the length of the material increases 
with time (Schatzmann et al., 1998). Cyclic stress relaxation is a natural phenomenon 
that may help prevent fatigue failure of ligaments under prolonged cyclic loading 
(Schatzmann et al., 1998). After a certain recovery period the ligament is expected to 
return to the original length (Nigg and Herzog, 2006). Accounting for the presence of 
patella ligament cyclic stress relaxation, we suspect the femoral shortening to tibial 
tuberosity distalization ratio that would enable the tibial tuberosity to be distalized 
without significant alteration to stifle extensor mechanism load may have more 
closely approximated a one-to-one relationship. 
 
Several limitations of our study are acknowledged. Similar to previous studies, we 
chose to directly measure stifle extensor mechanism load rather than secure a spring 
between the quadriceps turnbuckle and load cell (Caquías, 2013; Kneifel et al., 
2017). The rationale for the use of a spring is that although the force-deformation 
curve of the spring (linear response) and skeletal muscle (toe-in response) are quite 
different, the addition of a spring more accurately replicates the stifle extensor 
mechanism (Zatsiorsky and Prilutsky, 2012). Attempts were made during pilot testing 
to secure a spring of similar stiffness as the lateral vastus muscle (11.3 N/mm) from 
one of the tested specimens (Instron Model 5848, Instron Corporation IST) between 
the load cell and quadriceps turnbuckle. However, we found that as the tibial 
tuberosity was distalized the spring elongated and caused significant alteration to 
both the stifle and tarsal joint angles. To maintain joint angles both the quadriceps 
turnbuckle and gastrocnemius turnbuckle needed to be adjusted after each tibial 
tuberosity distalization and femoral shortening increment, which reduced the 
accuracy of the collected data. Direct measurement of stifle extensor mechanism 
load was necessary to achieve our study objective of determining the femoral 
shortening to tibial tuberosity distalization ratio that would enable the tibial tuberosity 
to be distalized without significant alteration to stifle extensor mechanism load. 
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Additionally, the tested limbs in our model were from skeletally normal dogs and so 
had normal proximodistal stifle extensor mechanism alignment. Consequently, as the 
tibial tuberosity was progressively distalized the patella tracked around the curvature 
of the normal femoral trochlea. This may have potentially introduced load artefact in 
the extensor mechanism and influenced the observed relationship between femoral 
shortening and tibial tuberosity distalization. A previous in vitro model replicated 
patella alta by replacing the patellar ligament with a stainless steel wire to avoid this 
concern (Luyckx et al., 2009). However, such a model prevented assessment of the 
structural and mechanical properties of the patellar ligament and may less accurately 




In our model, a femoral shortening to tibial tuberosity distalization ratio <0.5 resulted 
in a significant increase in stifle extensor mechanism load. The femoral shortening to 
tibial tuberosity distalization ratio that enabled the tibial tuberosity to be distalized 
without a significant difference in stifle extensor mechanism load was found to range 




Apelt, D., Kowaleski, M. P., & Boudrieau, R. J., 2007. Effect of tibial tuberosity 
advancement on cranial tibial subluxation in canine cranial cruciate-deficient 
stifle joints: an in vitro experimental study. Veterinary Surgery 36, 170–177.  
 
Brower, B. E., Kowaleski, M. P., Peruski, A. M., Pozzi, A., Dyce, J., Johnson, K. A., & 
Boudrieau, R. J., 2016. Distal femoral lateral closing wedge osteotomy as a 
component of comprehensive treatment of medial patellar luxation and distal 
femoral varus in dogs. Veterinary and Comparative Orthopaedics and 
Traumatology 30, 20–27.  
 
Caquías, D. F. I., 2013. Ex vivo biomechanical evaluation of the tension of the 
patellar ligament to stifle flexion after tibial tuberosity advancement (TTA) and 
tibial plateau leveling osteotomy (TPLO), compared with tibia not 
osteotomized. Thesis, Master of Veterinary Medicine, University of Sao 
Paulo, Brazil.  
 
Carpenter, D. H., and Cooper, R. C., 2000. Mini review of canine stifle joint anatomy. 
Anatomia, Histologia, Embryologia 29, 321–329. 
 
Franczuszki, D., Chalman, J. A., Butler, H. C., DeBowes, R. M., & Leipold, H., 1987. 
Postoperative effects of experimental femoral shortening in the mature dog. 
The Journal of the American Animal Hospital Association.  
 
Hoffmann, D. E., Kowaleski, M. P., Johnson, K. A., Evans, R. B., & Boudrieau, R. J., 
2011. Ex vivo biomechanical evaluation of the canine cranial cruciate 
ligament-deficient stifle with varying angles of stifle joint flexion and axial 
loads after tibial tuberosity advancement: tibial tuberosity advancement effect 
	 74	
on stifle joint biomechanics. Veterinary Surgery 40, 311–320.  
 
Hottinger, H. A., DeCamp, C. E., Olivier, N. B., Hauptman, J. G., & Soutas-Little, R. 
W., 1996. Noninvasive kinematic analysis of the walk in healthy large-breed 
dogs. American Journal of Veterinary Research 57, 381–388. 
 
Johnson, A. L., Broaddus, K. D., Hauptman, J. G., Marsh, S., Monsere, J., & 
Sepulveda, G., 2006. Vertical patellar position in large-breed dogs with 
clinically normal stifles and large-breed dogs with medial patellar luxation. 
Veterinary Surgery 35, 78–81.   
 
Johnson, A. L., Probst, C. W., DeCamp, C. E., Rosenstein, D. S., Hauptman, J. G., & 
Kern, T. L., 2002. Vertical position of the patella in the stifle joint of clinically 
normal large-breed dogs. American Journal of Veterinary Research 63, 42–
46. 
 
Kneifel, W., Borak, D., Bockstahler, B., & Schnabl-Feichter, E., 2017. Use of a 
custom-made limb-press model to assess intra-and extracapsular techniques 
for treating cranial cruciate ligament rupture in cats. Journal of Feline 
Medicine and Surgery. 
 
Kowaleski  MJ, Boudrieau RJ, Pozzi A., 2017. Stifle joint. In: Veterinary Surgery 
Small Animal. 2nd Edn. Saunders Elsevier, Missouri, USA. pp. 1142. 
 
Luyckx, T., Didden, K., Vandenneucker, H., Labey, L., Innocenti, B., & Bellemans, J., 
2009. Is there a biomechanical explanation for anterior knee pain in patients 
with patella alta? Influence of patellar height on patellofemoral contact force, 




Mostafa, A. A., Griffon, D. J., Thomas, M. W., & Constable, P. D., 2008. 
Proximodistal alignment of the canine patella: radiographic evaluation and 
association with medial and lateral patellar luxation. Veterinary Surgery 37, 
201–211.  
 
Nigg, B.M., and Herzog W, 2006. Biomechanics of the musculo-skeletal system. 3rd 
Edn. John Wiley & Sons, Chichester, NJ, USA. pp. 139. 
 
Pugliese, L. C., Pike, F. S., and Aiken, S. W., 2015. Distal tibial tuberosity translation 
using TTA implants for the treatment of patella alta in large breed dogs: 
Surgical technique and clinical outcome. Veterinary and Comparative 
Orthopaedics and Traumatology 28, 274–281. 
 
Schatzmann, L., Brunner, P., & Stäubli, H. U., 1998. Effect of cyclic preconditioning 
on the tensile properties of human quadriceps tendons and patellar ligaments. 
Knee Surgery, Sports Traumatology, Arthroscopy 6, S56–S61. 
 
Segal, U., Or, M., & Shani, J., 2012. Latero-distal transposition of the tibial crest in 
cases of medial patellar luxation with patella alta. Veterinary and Comparative 
Orthopaedics and Traumatology 25, 281–285.  
 
Singleton, W. B., 1969. The surgical correction of stifle deformities in the dog. Journal 
of Small Animal Practice 10, 59–69. 
 
Swiderski, J. K., and Palmer, R. H., 2007. Long-term outcome of distal femoral 
osteotomy for treatment of combined distal femoral varus and medial patellar 
	 76	
luxation: 12 cases (1999–2004). Journal of the American Veterinary Medical 
Association 231, 1070–1075. 
 
Warzee, C. C., Dejardin, L. M., Arnoczky, S. P., & Perry, R. L., 2001. Effect of tibial 
plateau leveling on cranial and caudal tibial thrusts in canine cranial cruciate–
deficient stifles: an in vitro experimental study. Veterinary Surgery 30, 278–
286.   
 
Zatsiorsky, V., & Prilutsky, B., 2012. Biomechanics of Skeletal Muscles. 1st Edn. 
Human Kinetics, Champaign, Illinois, USA. pp 111. 
 	  
	 77	
Chapter Four – Combined Transverse Femoral Ostectomy and Tibial 
Tuberosity Distalization for Correction of Medial Patella Luxation and Patella 




Background Patella alta is the proximal displacement of the patella within the 
femoral trochlea. Previous studies have identified an association between patella alta 
and patella luxation. Distalization of the tibial tuberosity has been recommended to 
establish proximodistal alignment of the stifle extensor mechanism with the 
underlying femur in dogs affected by patella alta. However, a recent canine ex vivo 
study found stifle extensor mechanism load increased significantly following tibial 
tuberosity distalization. Generation of excessive load within the stifle extensor 
mechanism was avoidable by performing a combined transverse femoral ostectomy 
and tibial tuberosity distalization.  
 
Case report Two dogs presented with acute onset left hind limb lameness and 
medial patella luxation. The left patellar ligament length to patella length ratio was 
2.37 and 2.39 in each dog (reference range 1.33 - 2.06) consistent with patella alta. 
No other stifle abnormalities were identified. Proximodistal stifle extensor mechanism 
alignment was corrected with a transverse combined femoral ostectomy and tibial 
tuberosity distalization. The postoperative ratio of the distance between the proximal 
pole of the patella and femoral condyle to patella length ratio (A:PL) fell within the 
corrected reference range (1.52 – 2.44). Follow-up orthopaedic examination and 
postoperative radiographs at 10 – 12 weeks demonstrated clinical bone union of the 
femoral ostectomy and tibial tuberosity distalization sites. No evidence of medial 
patella luxation or lameness could be detected.  
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Conclusion A combined transverse femoral ostectomy and tibial tuberosity 
distalization technique resolved medial patella luxation with patella alta in two dogs. 





The canine stifle extensor mechanism consists of the quadriceps femoris muscles, 
patella, and the patellar ligament.1 Normal function relies on alignment of the stifle 
extensor mechanism with the underlying osseous structures.2 Malalignment of these 
components may result in patella luxation and stifle dysfunction.2,3  
 
Surgery attempts to re-align the patella through a combination of osseous (tibial 
tuberosity transposition and femoral trochleoplasty) and soft tissue (medial joint 
capsular release, lateral capsulectomy or imbrication, rectus femoris release, 
sartorius release) corrective procedures.2,4 These techniques primarily address a 
shallow trochlea sulcus and medial displacement of the tibial tuberosity.5 Recently, 
additional assessment and surgical correction of existing femoral and tibial angular or 
torsional deformities have been advocated with improved surgical outcomes.5,6  
 
Patella alta is the proximal displacement of the patella within the femoral trochlea.7 At 
maximal stifle extension (148°) in normal large-breed dogs, the proximal aspect of 
the patella should extend only slightly proximal to the proximal extent of the trochlear 
ridge.7 Previous studies have identified an association between patella alta and 
patella luxation.8–10 It is proposed that the proximal excursion of the patella beyond 
the femoral trochlea ridge allows the patella to luxate when the limb is extended 
throughout the swing and stance phases.8,9 Direct in vitro studies in people have 
demonstrated that patella alta also increases patellofemoral contact force and 
contact pressure resulting in anterior knee pain.11 
 
The proximodistal position of the patella can be described radiographically (Figure 4-
1) as the patellar ligament length to patella length (L:P) and the distance between the 
proximal pole of the patella and femoral condyle to patella length (A:PL).7,9 Previous 
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studies have concluded that a L:P value greater than 1.97 - 2.06 or an A:PL value 
greater than 2.03 is consistent with patella alta.7–9 
 
Distalization of the tibial tuberosity, typically performed in addition to trochleoplasty 
and/or translation of the tibial tuberosity, has been recommended to establish 
proximodistal alignment of the stifle extensor mechanism with the underlying femur in 
dogs affected by patella alta.10,12 However, a recent canine ex vivo study found stifle 
extensor mechanism load increased significantly following tibial tuberosity 
distalization.13 Generation of excessive load within the stifle extensor mechanism 
was avoidable by performing a combined transverse femoral ostectomy and tibial 
tuberosity distalization.13 This case report describes the assessment, surgical 
technique, and clinical outcome of the procedure in two dogs with medial patella 
luxation and patella alta. In both cases, the patella was proximally malaligned well 




Figure 4-1. Preoperative left stifle radiographs of Case 1. Left image – medio-lateral 
stifle radiograph. The patellar ligament length (L) measured from the caudal aspect of 
the patellar ligament origin to the insertion on the tibial tuberosity was 45 mm. The 
patella length (P) measured along the longest dimension of the patella was 19 mm. 
The L:P equaled 2.37. Right image – cranio-caudal stifle radiograph. The distance 
between the proximal pole of the patella and femoral condyle (A) measured 51 mm. 








A 10-month-old neutered male Flat-Coated Retriever (29 kg) presented with an acute 
onset, intermittent, non-weight bearing left hind limb lameness of 5 days duration. 
The dog had been prescribed carprofen (2 mg/kg PO q12 hours) prior to referral.  
 
Orthopaedic examination identified a grade 2 medial patella luxation and mild muscle 
atrophy of the left hind limb. A grade 1 medial patella luxation of the right hind limb 
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was also noted. Both patellae were positioned proximal to the femoral trochlea during 
standing examination consistent with bilateral patella alta. No femoral or tibial 




A 3-year 5-month old neutered male Flat-Coated Retriever (26.1kg) presented with 
an acute onset, intermittent left hind limb lameness of 3 weeks duration. The dog had 
been prescribed carprofen (2 mg/kg PO q12 hours) prior to referral. 
 
Orthopaedic examination identified a grade 3 medial patella luxation of the left hind 
limb. The right patella was stable. Both patellae were positioned proximal to the 
femoral trochlea during standing examination consistent with bilateral patella alta. No 








Based on hind limb computed tomography (Siemens Somatom Emotion 16, Siemens 
Medical Solutions, Erlangen, Germany) the left and right femoral angle of inclination 
was 138° and 130° respectively (reference range 127° – 132°)  (Hauptman method 
B).14–16 The left and right femoral version angle was 34.5° and 38.1° respectively 
(reference range 19.6° – 28.0°).16,17 The left and right anatomic lateral distal femoral 
angle (aLDFA) was 98° and 99° respectively (reference range 94 – 99).15–17 The 
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femoral sulci appeared to have sufficient depth (approximately half the depth of the 
patella).18 
 
Based on lateral stifle radiographs the left and right patellar ligament length (L) 
measured 45 mm and 43 mm respectively (caudal aspect of the patellar ligament 
origin to the insertion on the tibial tuberosity), while the left and right patella length (P) 
(along the longest dimension of the patella) was 19 mm bilaterally.7 Based on 
craniocaudal stifle radiographs the left and right distance between the proximal pole 
of the patella and femoral condyle (A) measured 51 mm and 53 mm respectively.9 
The left and right L:P measured 2.37 and 2.26 respectively (reference range 1.33 – 
2.03). The left and right A:PL measured 2.7 and 2.8 respectively (reference range 





Based on hind limb computed tomography (Siemens Somatom Emotion 16, Siemens 
Medical Solutions, Erlangen, Germany) the left and right femoral angle of inclination 
was 132° bilaterally (Hauptman method B). The left and right femoral version angle 
was 44.4° and 28.2° respectively. The left and right aLDFA was 98° and 97° 
respectively. The femoral sulci appeared to have sufficient depth (approximately half 
the depth of the patella). 
 
Based on lateral stifle radiographs the left and right patellar ligament length (L) 
measured 45.5 mm bilaterally, while the left and right patella length (P) measured 19 
mm bilaterally. Based on craniocaudal stifle radiographs the left and right distance 
between the proximal pole of the patella and femoral condyle (A) measured 46.2 mm 
and 46.5 mm respectively. The left and right L:P measured 2.39 bilaterally. The left 
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and right A:PL measured 2.43 and 2.45 respectively. No other stifle abnormalities 





Tibial tuberosity distalization reduces the distance between the patella (P) and the 
original patellar ligament insertion point on the tibial shaft (oL). The required tibial 
tuberosity distalization distance to establish an oL:P within the reference range was 
determined with the following formula: 
 
Required tibial tuberosity distalization distance (mm) = patellar ligament length (mm) 
– [desired L:P x patella length (mm)] 
 
The required tibial tuberosity distalization distance was 13 mm for Case 1 (desired 
L:P 1.7) and 11mm for Case 2 (desired L:P 1.8). The femoral ostectomy distance 





The femoral diaphysis was approached laterally.19 Two positive profile 2.4 mm 
external skeletal fixator pins were inserted into the craniolateral aspect of the femur, 
proximal and distal to the proposed mid-diaphyseal ostectomy site to aid bone 
orientation and assist reduction. A transverse femoral ostectomy (13 mm or 11 mm 
respectively) was performed using a sagittal saw (Cordless Driver III: Stryker 
InstrumentsTM, Kalamazoo, MI, USA) and the femur stabilized with an eight-hole 3.5 
mm broad locking compression plate (LCP®: Synthes GmbH, Oberdorf, Switzerland). 
	 85	
The proximal tibia was approached medially and the tibial tuberosity was 
osteotomized using a sagittal saw. The fascial attachments of the tibial tuberosity 
were released and a portion of the fat pad resected to aid tibial tuberosity 
distalization. To aid in tuberosity fixation, a step was created in the frontal plane of 
the tibial tuberosity transposition site, distal to the stifle joint line (13 mm or 11 mm 
respectively) using the sagittal saw. No medial or lateral translation of the tibial 
tuberosity was performed. The distalized tibial tuberosity was stabilized with 2.0/2.4 
mm Kirschner wires and an 18 gauge orthopaedic wire in a figure-of-eight tension 





Postoperative orthogonal radiographs of the femur and tibia demonstrated good 
reduction of both osteotomies and appropriate placement of orthopaedic implants in 
each dog (Figure 4-2).  
 
In Case 1, the postoperative A:PL ratio was 2.27 (Figure 4-2). The 13 mm femoral 
ostectomy had reduced the overall length of the femur from 203 mm to 190 mm, a 
6.3% reduction in length.  
 
In Case 2, the postoperative A:PL ratio was 1.7. The 11 mm femoral ostectomy had 
reduced the overall length of the femur from 195 mm to 184 mm, a 6.0% reduction in 
length.  
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Figure 4-2. Immediate postoperative radiographs of Case 1. Left image – left medio-
lateral stifle radiograph. Central image – left cranio-caudal stifle radiograph. Right 






No gait abnormalities were observed during orthopaedic examination at 10 and 20 
weeks postoperative. The patella was stable within the trochlea and could not be 
luxated. Radiographs at 10 weeks postoperative showed a mature callus at the 
femoral ostectomy site and an indistinct osteotomy line at the tibial tuberosity 
distalization site consistent with clinical union (Figure 4-3). At 20 weeks postoperative 
a fibrous seroma was palpable over the left tibial tuberosity. Radiographs 
demonstrated a moderate soft tissue swelling localized over the proximal kirschner 
wire. The tibial implants were removed. Culture of the implants and serosanguineous 
fluid did not result in bacterial growth.  
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The owner reported in a telephone interview 12 months after the procedure that the 





No gait abnormalities were observed during orthopaedic examination at 12 weeks 
postoperative. The patella was stable within the trochlea and could not be luxated. 
Radiographs at 12 weeks postoperative showed a mature callus at the femoral 
ostectomy site and an indistinct osteotomy line at the tibial tuberosity distalization site 
consistent with clinical union. The distal aspect of the patellar ligament was 
thickened. 
 
The owner reported in a telephone interview 8 months after the procedure that the 
dog had also not displayed any left hind limb lameness following the initial recovery 
period.  
 
 Figure 4-3. Radiographs at 10 
weeks postoperative of Case 1. A 
mature callus at the femoral 
ostectomy site and an indistinct 
osteotomy at the tibial tuberosity 
distalization site. Left image - left 
medio-lateral stifle radiograph. Right 









This case report described a combined transverse femoral ostectomy and tibial 
tuberosity distalization to successfully establish proximodistal alignment of the patella 
within the femoral trochlea in two dogs with medial patella luxation and patella alta. 
The absence of other stifle abnormalities and successful postoperative outcomes 
support the contributory role of patella alta in the occurrence of patella luxation and 
the surgical technique to correct the malalignment. 
 
Treatment of medial patellar luxation has recently focused on managing excessive 
femoral and tibial angular or torsional deformities with corrective osteotomies as part 
of a more comprehensive approach.5,6 This is the first report to describe a transverse 
femoral ostectomy in the management of medial patella luxation and patella alta. As 
previously observed, the femoral ostectomies healed rapidly and reliably without 
discernable adverse effects.5,6 The subsequent femoral shortening (6.3% and 6% 
respectively) did not cause detectable lameness or gait abnormalities at the 10 – 12 
weeks postoperative orthopaedic examinations. This was expected as a previous 
investigation found femoral shortening of up to 20% had no impact on hind limb 
function.20  
 
The purpose of the mid-diaphyseal femoral ostectomy was to shorten the length of 
the stifle extensor mechanism by the same amount as the subsequent tibial 
tuberosity distalization. This would allow distalization of the tibial tuberosity while 
maintaining the working length of the stifle extensor mechanism. The femoral 
ostectomy was performed mid-diaphyseal because of the ease of exposure with 
minimal soft tissue disruption.19  
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Tibial tuberosity distalization without femoral ostectomy has been previously 
recommended to manage dogs with patella luxation and patella alta.10,12 However, a 
recent ex vivo study found stifle extensor mechanism load increased significantly 
following tibial tuberosity distalization.13 Increased stifle extensor mechanism load 
may explain the reduced stifle range of movement and patellar ligament thickening 
commonly observed postoperatively in these case series.10,12 Clinically, we have also 
observed tibial tuberosity avulsion and tibial implant failure when tibial tuberosity 
distalization is performed alone. Both dogs in this case report had a L:P (2.37 and 
2.39 respectively) well above the reference range (1.33 - 2.06). The substantial 
increased stifle extensor mechanism load generated by the required tibial tuberosity 
distalization was unlikely to be mitigated through compensatory altered stance and 
soft tissue adaptation supporting the use of the combine femoral ostectomy and tibial 
tuberosity distalization technique.  
 
Both dogs had an increased left femoral version angle (34.5° and 44.4° respectively) 
identified preoperatively. As a reduced version angle has been proposed as an 
underlying cause of medial patella luxation,2 correction of the anatomical irregularity 
seemed counterintuitive. Despite having bilateral hind limb anatomical anomalies, 
neither dog has demonstrated clinical signs in the right hind limb. Interestingly, in 
both dogs the left hind limb lameness was initially observed during high impact 
activity. It is possible that the affected limbs sustained trauma to the regional soft 
tissue constraints, exacerbating the anatomical abnormality and clinical signs.  
 
Other surgical techniques described for dogs with patella luxation and patella alta 
intend to improve proximodistal stifle extensor mechanism alignment through patella 
distalization (tibial tuberosity distalization, closing tibial wedge osteotomy) or through 
proximalization of the femoral trochlea (extended proximal trochleoplasty, femoral 
trochlea prosthesis).10,12,21–23 These techniques were considered unlikely to have 
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been capable of capturing the patella, providing articular cartilage patellofemoral 
contact, or preserving physiologic stifle extensor mechanism load given the extent of 
malalignment. 
 
The A:PL is a reliable measure of the proximodistal patella alignment that can be 
utilized pre- and post-tibial tuberosity distalization.16 Close examination of the 
previously established normal A:PL reference range of 1.92 - 2.0316 found it had 
been incorrectly determined, resulting in normal dogs being misdiagnosed with 
patella alta.24 A reference range is established to encompass 95% of the population, 
equating to the mean +/- 1.96 x standard deviation.25 The previous report had 
however, calculated the 95% confidence interval of the mean, a measure of the 
range of values that other sampled means should fall within 95% of the time. This is 
calculated by mean +/- 1.96 standard errors, where the standard error equals the 
standard deviation divided by the square root of n.25 This results in a considerably 
smaller interval than the reference range, being substantially influenced by the 
sample size. Re-analysis of the data from the previous report shows the normal A:PL 
reference range should be 1.52 – 2.44. Thus, this included the postoperative A:PL 
(2.27 and 1.7 respectively) for the dogs in this report.  
 
This case report documents the successful resolution of medial patella luxation due 
solely to patella alta using a combined transverse femoral ostectomy and tibial 
tuberosity distalization technique in two dogs. Additionally, re-evaluation of previously 
established radiographic measures of proximodistal patella position found the normal 
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Chapter Five – Effect of Tibial Plateau Leveling Osteotomy on Stifle Extensor 




Objective: To evaluate the effect of tibial plateau leveling osteotomy on stifle extensor 
mechanism load in an ex vivo cruciate-intact canine cadaveric model. 
 
Study Design: Ex vivo mechanical testing study. 
 
Animals: Cadaveric canine pelvic limbs (n=6). 
 
Materials and Methods: A 21 mm tibial radial osteotomy was performed on pelvic 
limbs (n=6) prior to being mounted into a load-bearing limb press. The proximal tibial 
segment was incrementally rotated until the anatomic tibial plateau angle had been 
rotated to at least 1°. The proportional change in stifle extensor mechanism load 
between the anatomic tibial plateau angle and the neutralized (approximately 6.5°) 
and over-rotated (approximately 1°) tibial plateau angle was analysed using a one 
sample t-test against a null hypothesis of no change. A P-value ≤.05 was considered 
significant. 
 
Results: The mean (95% CI) anatomic stifle extensor mechanism load was 308 N 
(261 N – 355 N), the mean neutralized stifle extensor mechanism load was 313 N 
(254 N – 372 N), and the mean over-rotated stifle extensor mechanism load was 303 
N (254 N – 352 N). There was no significant change in stifle extensor mechanism 
load from the anatomic tibial plateau angle to the neutralized tibial plateau angle 
(P=.81) or from the anatomic tibial plateau angle to the over-rotated tibial plateau 
angle (P=.67). 
	 96	
Conclusion: Tibial plateau leveling osteotomy does not significantly alter stifle 
extensor mechanism load at either a neutralized or over-rotated tibial plateau angle 





Tibial plateau leveling osteotomy (TPLO) neutralizes cranial tibial thrust and 
decreases strain in the cranial cruciate ligament by reducing the tibial plateau angle 
to approximately 6.5° (1–3).  
 
It has been proposed that TPLO increases stifle extensor mechanism load (4). This 
potential increase in stifle extensor mechanism load has been thought to contribute 
to the occurrence of post-operative patellar ligament thickening, tibial tuberosity 
fracture, and patella fracture (5–11). 
 
The incidence of patella fracture and the degree of patellar ligament thickening has 
been associated with over-rotation of the tibial plateau angle (<6°) (6,8,9). It has 
been suggested that the extent of tibial plateau rotation could influence the 
magnitude of stifle extensor mechanism load (6,8,9). Despite these theoretical 
concerns the effect of TPLO on stifle extensor mechanism load has not been 
evaluated.  
 
Another common leveling osteotomy technique to manage cranial cruciate ligament 
disease is tibial tuberosity advancement (TTA) (12). The effect of TTA on stifle 
extensor mechanism load has been analysed in an ex vivo canine cadaveric model 
(13). Advancement of the tibial tuberosity was found to reduce stifle extensor 
mechanism load, which was attributed to an increase in stifle lever arm length (13).  
 
Our objective was to measure the effect of TPLO on stifle extensor mechanism load 
in an ex vivo cruciate-intact canine cadaveric model. We hypothesized that TPLO 
would significantly alter stifle extensor mechanism load at both a neutralized 
(approximately 6.5°) and over-rotated (approximately 1°) tibial plateau angle. 
	 98	




Six skeletally mature greyhounds euthanised for reasons unrelated to this study with 
no clinical or radiographic evidence of stifle pathology were obtained with institutional 
ethics approval (R265214). A single pelvic limb from each cadaver (n=6) was 
selected using a randomized block design to ensure there were an equal number of 
left and right pelvic limbs tested. The limbs were dissected free of all soft tissues from 
the level of the proximal femur to the proximal metatarsus, with preservation of the 
stifle and tarsal joint capsules and ligaments (including the cranial cruciate ligament). 
The specimens were wrapped in saline-soaked towels (0.9% sodium chloride) and 




Orthogonal stifle radiographs were obtained prior to soft tissue dissection. The 
mediolateral projection was used to determine the tibial plateau angle and tibial 
osteotomy location. The tibial plateau angle was defined as the angle between a line 
perpendicular to the tibial mechanical axis and proximal tibial joint orientation line in 
the sagittal plane (14,15). The radial osteotomy was centred on the tibial mechanical 
axis at the point dividing the intercondylar eminences (16). A perpendicular line from 
the tibial mechanical axis to the tibial tuberosity was marked. The distance along this 
line from the tibial tuberosity to the radial osteotomy (D1) was measured (17). The 
distance from the tibial articular surface to the radial osteotomy along the tibial 
mechanical axis (D3) was also measured (Figure 5-1) (18). All measurements were 
made by a single ECVS board-certified surgeon (MRG). 
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Figure 5-1. Pre-osteotomy medio-lateral stifle radiograph. 
A perpendicular line from the tibial mechanical axis to the 
tibial tuberosity was marked. The distance along this line 
from the tibial tuberosity to the radial osteotomy (D1) was 
measured. The distance from the tibial articular surface to 
the radial osteotomy along the tibial mechanical axis (D3) 







Limbs were thawed to room temperature prior to testing. Soft tissues were kept moist 
throughout the experiment with isotonic saline. The previously determined 
measurements D1 and D3 were marked on the medial tibia prior to TPLO grip 
application to ensure the radial osteotomy was centred at the intercondylar 
eminences. A custom TPLO grip that could accommodate a 21 mm radial saw blade 
and incrementally rotate the tibial plateau was secured to the tibia with 3 mm smooth 
Steinmann pinsa (Figure 5-2). The TPLO grip was positioned on the tibia to allow the 
radial saw blade to contact both the D1 and D3 measurements. All osteotomies were 
made by a single ECVS board-certified surgeon (MRG) prior to limb mounting.  
 
The limbs were mounted into a load-bearing limb press similar to previous studies 
(Figure 5-3). A turnbuckle with attached load cellb was connected to the patella with a 
3 mm high tensile boltc to simulate the quadriceps femoris muscle and measure stifle 
extensor mechanism load (N) (13,19). To maintain joint angles during testing no 
spring was secured between the quadriceps femoris turnbuckle and load cell (19). A 
second turnbuckle was secured between the distal femur and proximal calcaneus to 
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replicate the gastrocnemius muscle (2,12,13,19). The turnbuckles were adjusted to 
achieve a stifle angle of 135° and a tarsal angle of 145° corresponding to the mid-
point of the stance phase at a walk (20). A third turnbuckle was connected from the 
calcaneus to the base of the limb press to limit tarsal extension during testing. An 
axial load equal to 30% of the body weight was applied to the limb (2,12,13). 
 
Figure 5-2. Custom TPLO 
bone grip. The Steinmann 
pins have been pre-placed in 
the above images to indicate 
standard positioning within 
the TPLO grip. (A) Anatomic 
tibial plateau angle position. 






Figure 5-3. Load-bearing limb press with mounted limb. A turnbuckle with attached 
load cell (arrow) was connected to the patella to simulate the quadriceps femoris 
muscle group and measure stifle extensor mechanism load (N2). (A) Medio-lateral 




The stifle extensor mechanism load at the anatomic tibial plateau angle was recorded 
prior to tibial plateau rotation. Data was then collected at each 2° increment until the 
tibial plateau angle had been rotated to at least 1°. Stifle and tarsal joint angles were 




The specimen weight (kg), joint angles (º), and tibial plateau angles (°) at the 
anatomic, neutralized, and over-rotated positions were described as a mean ± 
standard deviation (SD).  
 
The response of interest was the stifle extensor mechanism load, which was 
described as a mean with 95% confidence interval (CI). Stifle extensor mechanism 
load was considered continuous and found to be normally distributed based on the 
failure to reject the null hypothesis of normality using the Shapiro-Wilk test The 
proportional change in stifle extensor mechanism load between the anatomic tibial 
plateau angle and the neutralized, and the over-rotated tibial plateau angle were 
each tested using a one-sample t-test against a null hypothesis of no difference.  
 
The stifle and tarsal joint angles measured at the anatomic and over-rotated tibial 
plateau angle were each compared between using a paired t-test.  
 
A P-value ≤.05 was considered significant for all analyses. All statistical analyses 






The mean specimen weight was 30.3 kg (± 2.37). The mean anatomic tibial plateau 
angle was 25° (± 0.89°), the mean neutralized tibial plateau angle was 7° (± 0.89°), 
and the mean over-rotated tibial plateau angle was 1° (± 0.89°).   
 
The mean anatomic stifle extensor mechanism load was 308 N (261 N – 355 N), the 
mean neutralized stifle extensor mechanism load was 313 N (254 N – 372 N), and 
the mean over-rotated stifle extensor mechanism load was 303 N (254 N – 352 N). 
There was no significant change in the stifle extensor mechanism load from the 
anatomic tibial plateau angle to the neutralized tibial plateau angle (P=.81; Figure 5-
4) or from the anatomic tibial plateau angle to the over-rotated tibial plateau angle 
(P=.67; Figure 5-4).  
 
The mean anatomic stifle and tarsal joint angle was 136° (± 2.8°) and 143° (± 1.5°) 
respectively. The mean over-rotated stifle and tarsal joint angle was 133° (± 5.5°) 
and 139° (± 4.4°) respectively. There was no significant difference in the stifle 
(P=.094) or tarsal (P=.065) joint angles measured at the anatomic tibial plateau angle 




Figure 5-4. The effect of TPLO on canine stifle extensor mechanism load. Each line 
graph represents the stifle extensor mechanism load at each measured tibial plateau 





The results of our study demonstrated that TPLO does not significantly alter stifle 
extensor mechanism load at either a neutralized or over-rotated tibial plateau angle 
in the cruciate-intact stifle.  
 
It had been previously suggested that TPLO increases stifle extensor mechanism 
load as a consequence of altered stifle lever arm length. In the stifle, the lever arm is 
the distance from the femorotibial contact point to the attachment of the patellar 
ligament on the tibial tuberosity (4). The lever arm had been estimated to shorten by 
as much as 10% following TPLO because of the osteotomy position and loss of bone 
removed by the kerf of the saw blade (4). A shortened lever arm would require more 
load within the stifle extensor mechanism to maintain stifle extension (4). Our findings 
disagree with these assumptions for the cruciate-intact stifle and are supported by a 
previous ex vivo study that found no change in stifle lever arm length after TPLO (5). 
 
The findings of our study suggest that complications after TPLO in the cruciate-intact 
stifle may not be attributed to increases in stifle extensor mechanism load. 
Accordingly, other causes of patellar ligament thickening after TPLO in the cruciate-
intact stifle such as intra-operative patellar ligament trauma or excessive post-
operative activity should be considered rather than increased stifle extensor 
mechanism load (7,10). Similarly, post-operative tibial tuberosity width and distal 
placement of the anti-rotational kirschner wire may be more relevant in the 
development of tibial tuberosity fracture than increased stifle extensor mechanism 
load following TPLO in the cruciate-intact stifle (10,17,21). The occurrence of patella 
fracture is a rare complication that has been reported in only 7 dogs after TPLO 
(9,10). Our results suggest that in the cruciate-intact stifle this complication might be 
due to factors other than increased stifle extensor mechanism load. 
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Several limitations of our study are acknowledged. Similar to previous studies, the 
model used in this study does not account for all musculoskeletal forces acting upon 
the stifle (2,22). Our model differed from the model used to examine the effect of TTA 
on stifle extensor mechanism load as we did not secure a spring between the 
quadriceps turnbuckle and load cell to simulate muscle compliance (13). The 
rationale for the use of a spring is that in accordance with Hooke’s law of elasticity, a 
spring will linearly elongate proportional to the applied load provided the load does 
not exceed the elastic limit of the spring (23). If the spring is placed in series with the 
load cell it will not effect the measured load as both are subjected to identical tensile 
forces (24). However, skeletal muscle does not adhere to Hooke’s law. The muscle 
force-deformation curve is not linear. With increased stretching the muscles become 
stiffer, thereby demonstrating a toe-in mechanical response to lengthening (25). 
Additionally, any change in spring length would alter joint angles unless the limb is 
constrained (i.e. prevent movement of both the stifle and tarsus) within the limb press 
or the turnbuckles are continuously adjusted. Similar to Kneifel et al. we chose to 
directly measure stifle extensor mechanism load to avoid non-physiologic constraint 
of the limb or error introduced by dial adjustment of the turnbuckles (19).  
 
Interpretation of our results is restricted to the cruciate-intact stifle. We decided to 
maintain the integrity of the cranial cruciate ligament as the intention of our study was 
to examine the effect of TPLO on stifle extensor mechanism load in isolation from 
other potential confounding factors. Additionally, TPLO is occasionally performed on 
dogs with a functionally competent cranial cruciate ligament (early fiber tearing) to 
reduce strain and protect the ligament (3,26,27). However, as demonstrated in a 
previous ex vitro study, the femorotibial contact point shifts caudally in the cranial 
cruciate-deficient stifle after TPLO (28). Additionally, an in vivo study demonstrated 
that femorotibial subluxation frequently persists in dogs after TPLO if a caudal pole 
hemimeniscectomy of the medial meniscus has been performed (29). The caudal 
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shifting of the femorotibial contact point in the cruciate-deficient stifle and the 
hemimeniscectomy stifle would increase stifle lever arm length and potentially 
influence the effect of TPLO on stifle extensor mechanism load. Assessment of stifle 
extensor mechanism load in the cranial cruciate-deficient stifle and 
hemimeniscectomy stifle is warranted to provide further insight into potential 
biomechanical alterations after TPLO.  
 
A 21 mm radial osteotomy was used on all tibiae for consistency and was based on 
radiographic assessment and pilot testing. The size of the radial osteotomy was 
appropriate for all the tested specimens. The osteotomy was centred on the tibial 
intercondylar eminences as it has been demonstrated to prevent movement and 
angular shift of the tibial long axis (16). 
 
In conclusion, our ex vivo study suggests TPLO does not significantly alter stifle 
extensor mechanism load in the cruciate-intact stifle. Complications after TPLO in the 
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b Miniature Tension Load Cell with accuracy ± 0.5N, Dacell, Applied Measurement Australia, 
Mitchem, VIC 
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Chapter Six – Discussion and Conclusions 
 
Various tibial osteotomy procedures have been indicated in dogs for correction of 
stifle joint abnormalities. This research examined the effect of two of these 
procedures on the stifle extensor mechanism load in an ex vivo canine cadaveric 
model.  
 
The main challenges we encountered with our studies were associated with the 
design and consequent limitations of our model. We found the limb press to be a 
robust testing apparatus and the comparable anatomy of the tested pelvic limbs (all 
being from Greyhound dogs) reduced model variability. The composition of the bolt 
used to secure the quadriceps turnbuckle to the patella was improved from a zinc-
plated bolt to a high-tensile bolt between subsequent studies to mitigate the plastic 
deformation of the bolt under high loads observed in the tibial tuberosity distalization 
study.  
 
In the tibial tuberosity distalization study, the bone grips were computer designed 
then assembled from 3D-printed Acrylonitrile butadiene styrene. While this process 
assisted grip refinement during pilot testing, the strength of the printed plastic was 
inadequate and needed to be constructed from aluminium to withstand the loads 
incurred during testing (Figure 6-1). In the TPLO study, the TPLO grips were 
computed designed then subsequently fabricated from aluminium (rather than 





Figure 6-1. 3D printed plastic prototype of the tibial tuberosity bone grip. During this 
pilot, the grip failed through the proximal screw hole (white arrow).  
 
The compliance of the quadriceps femoris muscle proved difficult to incorporate into 
our model. Previous models have secured a spring between the quadriceps 
turnbuckle and load cell to account for muscle compliance despite the force-
deformation curve of a spring (linear response) and skeletal muscle (toe-in response) 
being quite different (Zatsiorsky and Prilutsky, 2012). In our model, because of the 
data inaccuracies caused by spring elongation during tibial tuberosity distalization 
and the disparate mechanical properties between a spring and skeletal muscle we 
decided to directly measure stifle extensor mechanism load (i.e. no spring). It is 
important to note that the presence or absence of a spring placed in series with the 
load cell will not affect the measured load as both are subjected to identical tensile 
forces (Brinckmann, 2002).  
 
In the tibial tuberosity distalization study, the mounted limbs had normal 
proximodistal stifle extensor mechanism alignment. While a model that replaced the 
patellar ligament with a stainless steel wire to simulate patella alta (similar to Luyckx 
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et al., 2009) was considered, we found the preservation of the patellar ligament 
provided a valuable insight into the response of a viscoelastic material to cyclic 
loading. In the TPLO study, we examined the effect of TPLO on the cruciate-intact 
stifle. It is important that conclusions drawn from our study do not extend to either the 
cruciate-deficient stifle or the hemimeniscectomy stifle as biomechanical alterations 
after TPLO could be significantly different in both of these scenarios.  
 
With consideration to these limitations, we found the femoral shortening to tibial 
tuberosity distalization ratio that enabled the tibial tuberosity to be distalized without a 
significant difference in stifle extensor mechanism load ranged between 0.5 – 1.0.  
 
We also found that TPLO does not significantly alter stifle extensor mechanism load 
in the cruciate-intact stifle. Accordingly, complications after TPLO in the cruciate-








The base plate and top plate of the limb press were constructed from clear Perspex 
(45 cm x 45 cm x 1cm). A smaller piece of Perspex with an adhesive anti-slip surface 
was secured to the base plate in line with the holding tube to provide a high friction 
surface for the paw. The base plate and top plate were connected to each other 
using four polyvinyl chloride (PVC) pipes secured to each corner of each plate. The 
diameter of the base pipe (43 mm) was smaller than the diameter of the top pipe (50 
mm) to allow the top plate to slide in a parallel manner. The pelvic limbs were 
mounted into a holding tube (marine steering bezel with 20° angle) to fix the 
coxofemoral joint angle at 70°. A stainless steel J-hook was secured to the holding 
tube to attach the load cell during testing. 
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Tibial tuberosity distalization bone grip: 
	 		 	
                 Lateral view                              Cranial view                    Caudal view 
 
The tibial tuberosity distalization bone grip consisted of a tibial tuberosity, central, 
and tibial shaft component. Three holes (3.6 mm) were drilled caudally in the tibial 
tuberosity component to secure the bone grip to the tibial tuberosity with 3.5 mm 
smooth Steinmann pins. Two vertical holes were drilled in the cranial tibial tuberosity 
component to accommodate two threaded bolts that had a head diameter of 9.5 mm 
and an outer thread diameter of 5.8 mm. The vertical hole width was 9.6 mm 
proximally and 6.0 mm distally to create a shelf for the bolt head to contact. The two 
threaded bolts engaged with threaded holes within the central component. Two 4.1 
mm horizontal holes were drilled through the central component to accommodate two 
threaded 4.0 mm bolts. These two bolts could be loosened to adjust component 
positioning or tightened to secure the tibial tuberosity/central component to the tibial 
shaft component. The tibial shaft component had two 3.6 mm craniocaudal holes and 
two 3.6 mm mediolateral holes to secure the bone grip to the tibial shaft with 3.5 mm 
smooth Steinmann pins.     
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Femoral shortening bone grip: 
	 		
                    Cranial view                                                  Caudal view 
 
The femoral shortening bone grip consisted of a proximal and distal component 
connected by a central threaded bolt (outer thread diameter 7.8 mm) and two lateral 
guide pins (6.0 mm). The thread direction of the central bolt was orientated to move 
the proximal and distal components in opposite directions. Four 3.6 mm holes were 
drilled obliquely in each component to secure the bone grip to the femoral diaphysis 






Tibial plateau leveling osteotomy bone grip: 
	 	 	
          Lateral view               Inner aspect of protractor       Outer aspect of protractor 
 
The tibial plateau leveling osteotomy bone grip consisted of two modified protractors 
connected with three 4.8 mm threaded bolts. Three 3.1 mm holes were drilled in the 
proximal component to secure the bone grip to the proximal tibia with 3.0 mm smooth 
Steinmann pins. A 21 mm radial slot was cut into the proximal and distal components 
to accommodate a 21 mm radial saw blade. Multiple 3.1 mm holes were drilled in the 
distal component to secure the distal component to the tibial shaft with 3.0 mm 
smooth Steinmann pins. A clear Perspex window was attached onto the distal 





1. The pelvic limbs were defrosted to room temperature. 
2. The femoral head and neck were removed at the level of the distal greater 
trochanter with a band saw. 
3. Plastic wrap (e.g. cling wrap) was placed over a pre-cut (30 mm in length) 
piece of small PVC pipe (43 mm diameter).  
4. A pre-cut (50 mm in length) piece of large PCV pipe (50 mm diameter) was 
place over the small piece of plastic wrap covered PCV pipe. 
5. The proximal end of the previously sectioned femur was placed into the pipe 
and potted with poly(methyl methacrylate) (25 g powder to 15 ml monomer). 
6. Once the poly(methyl methacrylate) had set, two 3.5mm smooth Steinmann 
pins were drilled through the potted section of femur. 
7. Both fabellae were then removed. 
8. A T-holder was secured to the distal caudal femur with two 28 mm x 3.5 mm 
cortical screws where the fabellae had rested on the femoral condyles. 	
9. A 5 mm hole was then drilled in the proximal calcaneus. 
10. The	gastrocnemius turnbuckle was secured from the T-holder in the femur to 
pre-drilled hole in the calcaneus. 
11. A 4.5 mm hole was drilled in the mid-body of the proximal calcaneus. 
12. A D-shackle was secured through the mid-body hole in the calcaneus.  
13. An Imex aiming guide was used to drill 3.2 mm hole through the central 
patella. A 3 mm patella bolt was placed through the patella hole and 
connected to quadriceps turnbuckle. 
14. The potted proximal femur was press-fitted into the holding tube within the 
limb press. 
15. The quadriceps turnbuckle was secured to the load cell attached to the J-
hook in the holding tube. 
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16. A water weight was placed on the top plate to apply 30% of the dog’s body 
weight to the limb within the press. The magnitude of the water weight was 
determined by multiplying the dog’s body weight x 0.3, then subtracting the 
weight of the top plate (5.1 kg). 
17. The quadriceps turnbuckle and gastrocnemius turnbuckle were adjusted to 
achieve a stifle angle of 135° and tarsal angle of 145°. 
18. A third turnbuckle was secured from the D-shackle in the mid-body of the 
calcaneus to an eye hook bolt in the base plate.	  
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Appendix 2: Data  - Tibial Tuberosity Distalization Study  
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Appendix 2: Data  - Tibial Tuberosity Distalization Study  
Limb 7 – 28.0 kg, female entire, right patella length 26 mm 
TIBIA % FEMUR % LOAD (N) 




























































































Appendix 2: Data  - Tibial Tuberosity Distalization Study 
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Appendix 2: Data  - Tibial Tuberosity Distalization Study	
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Appendix 3: Data – TPLO Study 
Limb 1 – 32.9 kg, male entire, right limb  
 



















































140° 145° 140° 145° 
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Appendix 3: Data – TPLO Study 
Limb 2 – 28.0 kg, male entire, right limb  
 












































135° 145° 128° 136° 
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Appendix 3: Data – TPLO Study 
Limb 3 – 32.0 kg, male entire, right limb  
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Appendix 3: Data – TPLO Study 
Limb 4 – 28.3 kg, male neutered, left limb  
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Appendix 3: Data – TPLO Study 
Limb 5 – 28.2 kg, male entire, left limb  
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Appendix 3: Data – TPLO Study 
Limb 6 – 32.5 kg, male neutered, left limb  
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